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(i)
Abstract
This thesis consists of a study of the reactions of certain organic peroxoacids 
with certain model stain molecules. The peroxoacids in question were peroxobenzoic 
and monoperoxophthalic acid. The model compounds were; methyl orange, methyl 
red, flavone, alizarin, salicylaldoxime and salicyialdehyde. A brief study was also made 
of the reactions of peroxobenzoic acid with; para-vinylbenzoic acid, sorbic acid, 
cinnamic acid, ethanol and acetaldehyde.
Rate versus pH plots were developed and, where possible, reaction products 
were identified and mechanisms suggested. In some cases activation parameters were 
measured. The possibility of transition metal ion catalysis was investigated in most cases.
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Part A Introduction to Bleaching/Stains and Dyes
1 .A.1 The Background to the Project
Prior to the early 1960's the World's supply of natural fibres, together with 
rayon and acetate, was sufficient to meet demand. However, in the last two decades, 
the developed World and emergent nations have so increased their demand for such 
fibres that the supply is no longer sufficient and basic costs have increased many-fold. 
For these reasons and others, such as minimum care and low density, there has been an 
increase in the use of synthetic fibres. Originally 100% synthetic items were marketed 
but, because these fabrics had low water retention properties, they were uncomfortable 
in humid conditions. This problem was overcome by the incorporation of a small 
amount of natural fibres into the fabric, e.g. cotton/polyester and wool/acrylic, and 
these are the type of fabrics currently retailed in the U.K. Together with this change to 
synthetic fabrics there has been a trend away from white to coloured garments. It is 
well known that synthetic fibres are more prone to soiling than natural ones due to 
electrostatic attractions, consequently, because of this problem of ready soiling and the 
problem of redeposition during washing, it is important that an effective bleach should 
be incorporated in washing powder formulations. The manufacturers' recommended 
washing temperatures, which will not cause dye or fabric damage, are shown in table
1.1 for various fabrics.
Table 1.1
Maximum Washing Temperature (°C)
U.K. Ger. Belg. Scand.
White cotton without special finishes 95 95 95 85
Coloured cotton or with special finishes 60 95* 45-60 80-85*
White polyamide 60 60 60 60
Coloured polyamide 48 60 45-60 40
White or coloured polyester 48 60 50 40
Polyamide or polyester cotton blends 48 60 45-50 40
White or coloured acrylic 40 30 30-40 40
* Only at these temperatures if dyes are colourfast.
It appears therefore that the trend is towards a situation where the bulk of the 
household wash will be carried out at temperatures below 50°C. At the present time 
Interox manufactures sodium perborate (Antikainen 1956, Hensson 1961) which is 
sold as a bleach for washing powder incorporation. The active agent is hydrogen
peroxide which is only released, and is effective as a bleach, at temperatures above 70°C 
approximately. Since Interox's share of this market is some £18-20 million per year, at 
U.K. costings (1976), it is important to them that they develop a low temperature 
bleach in the near future. At present they believe that organic peroxoacids are suitable 
candidates and that any attendant problems can be overcome. Thus Interox are 
interested in the mechanisms of reaction of peroxoacids with stains and dyes, or stain 
and dye like molecules, and have sponsored this research to that end.
1 „A.2 Stains and Dyes
(a) What is a stain?
A stain or dye consists of molecules which have the property of absorbing 
radiation of certain frequencies in the visible light spectrum and adhering to fabric 
fibres. The ways in which the molecules can adhere to the fabric can be split into three 
groups. Physical adherence occurs when the only force holding stain to fabric is due to 
the Van der Waal's attraction between stain and fabric molecules. Chemical adherence 
occurs when an actual chemical bond, e.g. a hydrogen bond, is formed between stain 
and fabric molecules. Mechanical adherence occurs when there is negligible attraction 
between stain and fabric but stain molecules or particles are trapped, like fish in a net, 
by the fabric fibres.
An understanding of why some molecules absorb light of a particular frequency 
and others absorb light of another has only arrived since the advent of quantum 
mechanics and even now the absorption spectra of complicated molecules are not fully 
understood.
Witt (1876) was among the first to suggest a relationship between the colour of 
a compound and its chemical structure, in particular the presence of groups with 
multiple bonds, e.g. N02, the quinoid structure and so on. He called such groups 
chromophores. He also observed that certain other groups, although not chromophores, 
were able to change the frequency at which a chromophore absorbed, e.g. NH2, OH, 
Ci etc. He called these auxochromes, and later they were split into two classes, groups 
that shifted the absorption towards longer wavelengths (red shift) were called 
bathochromic groups and groups that shifted the absorption the other way were called 
hypsochromic groups.
Numerous theories were proposed to explain the relationship between colour 
and structure and their development is traced out by Maccoll in a review published in 
1947. They range from an "intramolecular oxidation — reduction" theory (Stieglity 
1923) to the useful resonance ideas of Bury (1935), which led to the realisation of the 
importance of excited states (Sklar 1937), and this was developed to the dipolar 
resonance structures of neutral molecules in an excited state, proposed by Pauling in
With the development of quantum chemistry, over the last 30 years, chemists 
now understand (qualitatively at least) the reasons for colour in molecules. The first 
important concept is that the electrons taking part in chemical bonding in a molecule 
are in specific molecular orbitals. In the same way as an atom can be excited by an 
electron being raised to an energetically higher atomic orbital by absorption of energy, 
so cart a molecule be excited by an electron being raised to a higher energy molecular 
orbital. The second important concept is that the energy contained in light (and, indeed, 
in all electromagnetic radiation) comes in tiny packets (quanta). The quantity of energy 
contained in the packet is given by hv where h is a constant, known as Planck's constant, 
and v is the frequency of the radiation, Now, if the energy required to excite a molecule 
is ae, then this energy has to be supplied exactly (since the molecular orbital energy 
levels are very specific) and will be supplied by radiation of a frequency given by
AE/h.
Hence the absorption occurs at specific frequencies which the eye interprets as colour, 
(b) Natural Stains and Food Dye — Stuffs
The following is intended to be a quick survey of the sort of compounds with 
which a bleach will have to contend.
(i) Carrotenoids
These are the most common examples of tetraterpenes (C40 compounds)
and are pigments widely distributed in animal and vegetable fats. One of the 
- best known examples is Lycophene which is the main pigment in tomatoes.
C H = C H C =  CHCH=CHC==CHCH=CHCH JcH = = C H C H  J c H = C H
Lycophene
These pigments are structurally related to the carrotenes which give carrots 
their orange colour e.g.
I I I I
CH= CHC— CHCH=CHC— CHCH —  CHCH — CCH ==!CHCH=CCH=CH
P — Carrotene
(ii) Anthocyanins
These are one of the main classes of plant pigments. Unlike the carrotenoids 
they are water soluble and are responsible for the blue and red colours in the
1939. Lewis and Caivin (1939) correlated many data in terms of the classical electron
vibration theory and predicted the absorption frequencies of linear conjugated systems.
The prediction failed progressively as the system grew in size.
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flowers and leaves of plants. They are produced by the hydrolysis of the 
glycosjdes. The vivid colours are due to charge resonance e.g.
Flavylium Chloride
(iii) Polymeric Proanthocyanid ins
The pigments in black tea are of two types, the theoflavins and the thearubigins. 
They are formed by the enzymatic oxidative transformation Of catechins present 
in fresh green leaves during the black tea manufacturing process.
(+) — Catechin Theaflavin
Thearubigins are polyphenolic oxidation products but no single chemical 
formula can be written for them.
(iv) Betalains
These compounds get their name from their main source, red beetroot. Their 
chemistry is akin to that of the anthocyanins.
(v) Anthoxanthins
These compounds are also known as flavones and are closely related to the 
anthocyanins.
Flavone
(vi) Porphyrins
The two commonest examples are haemoglobin and chlorophyll. Haemoglobin 
is one of the components Of red blood corpuscles. Blood stains are not 
particularly susceptible to peroxygen compound bleaching but are effectively
removed by enzymatic detergents. Chlorophyll is the major component of grass 
stains and these are easily removed by conventional detergents.
(vii) Caramel
(viii)
Commercial caramel colouring is a dark-brown syrup which is widely used in the 
catering industry as a colouring for beers and cola type beverages. Stains from 
such sources are very common. Caramel is produced by the simultaneous 
polymerisation of carbohydrates with the elimination of water and the reaction 
of the aldehyde groups with ammonia. The product is complex and, due to the 
polymerization no chemical formula can be written.
Food Dye — Stuffs
Examples are;
Amaranth Erythrosine
,H— (%>— SO?
2Na®
Sunset Yellow
Most of the synthetic food dye-stuffs on the permitted EEC lists are azo based 
and, of course, azo dyes are an important class of clothing dyes also.
1 .A.3 A History of Bleaching
Bleaching is the structural modification of a stain into a colourless, or less highly 
coloured, form/This invariably involves a conjugated system being interrupted. The 
shorter conjugated system requires a higher excitation energy than the original stain so 
that the frequency of radiation absorbed lies in the UV rather than the visible region.
The cleaning (scouring) and bleaching of fibres and yarns has been part of textile 
manufacturing processes since the time of the Phoenicians. The Romans used sulphur 
dioxide fumes to bleach woollen goods and this method of bleaching (stoving) was used
Bleaching with sulphur dioxide in aqueous alkaline solutions, while more 
convenient than stoving, does not give such good results. The bisulphite Ion is generally 
believed to be the active species. (King 1930, Philips 1938, Ward 1939).
The great disadvantage of sulphur dioxide bleaching is that it is reversible. The 
stain is reduced during the bleaching process and it can be oxidised back to the original 
form by aerobic oxidation.
One of the first forms of irreversible, oxidative, bleaching was that known as 
"dewing". The Dutch had a virtual monopoly over linen bleaching until the middle of 
the eighteenth century. Their process consisted of leaving the cloth spread out in fields, 
occasionally steeping it in potash extract and sour milk until the required whiteness was 
obtained. From 1756 sulphuric acid was substituted for sour milk and this greatly 
improved the efficiency. The basic mechanism was photo-oxidative in character.
for delicate polypeptides such as wool and silk until the advent of cheap hydrogen
peroxide.
Fig. 1.1
"Dewing" from a water-colour by Johann Ranzmayr
In 1785 Berthollet pointed out the oxidative power of chlorine gas but, because 
of its toxicity and disagreeable nature it never became widespread as a bleaching agent. 
However, when Tennant, at the turn of the eighteenth century, made bleaching powder 
from slaked lime and chlorine he revolutionised the textile industry. The solid powder 
was relatively stable and its aqueous solution was an excellent bleach for cellulosic 
fibres, such as cotton and linen. For some uses sodium hypochlorite was preferred over 
calcium hypochlorite since no problems were caused by an insoluble hydroxide 
precipitate.
The disadvantages of hypochlorites as bleaches are that they are so powerful 
they may attack the fibres themselves, particularly so in the case of polypeptides such as 
wool and silk, also, before treatment, the fibres must be cleaned of protein impurities 
otherwise their oxidation products will cause yellowing of the fabric. Inspite of these 
disadvantages hypochlorites are still used in America as the major commercial and 
domestic bleaches.
In Europe Laporte Industries developed a German process for the production 
of relatively cheap hydrogen peroxide in relative safety!
OH
This has resulted in an increase in the use of hydrogen peroxide as a textile 
bleach. It is weaker than hypochlorites and can be used to bleach polypeptides as well 
as cellulose with much less risk of fibre damage.
The bleaching mechanism(s) of hydrogen peroxide is (are) still undetermined. 
It was originally thought to be due to nascent oxygen but now the active species in 
alkaline solution is believed to be the perhydroxyl anion. The perhydroxyl radical is 
also thought to be involved by some (Capes et al 1975,1976).
Little bleaching occurs below 80°C and many industrial processes work under 
pressures which enable temperatures as high as 130°C to be reached. Under these 
conditions stabilizers such as gelatine, sodium silicate, polyphosphates or 
ethylenediaminetetraacetic acid are added to sequester transition metal ions which 
catalyse hydrogen peroxide decomposition. Commercial bleaches used in washing 
powders consist of either sodium perborate or sodium perearbonate (2Na2C03 3H202)
which work by releasing hydrogen peroxide on solution and consequently, to be 
effective, they require the same conditions of high pH and temperature. As explained in 
section 1.A.1 these conditions are damaging to man-made fibres and many dyes and it 
is thought that the more reactive organic peroxoacids will be the bleaching agents of the 
future. The peroxoacids will be generated in situ by the reaction of hydrogen peroxide, 
from the perborate or percarbonate, with the so-called activator compounds such as 
tetraacetylethylenediamine (TAED). The work reported in this thesis concerns itself 
with just two peroxoacids, namely peroxobenzoic acid (PBA) and monoperoxophthalic 
acid (MPPA).
1 .A.4 Aggregation of Dyes and Pigments in Aqueous Solution
The forces between ions and molecules in solution may be summarised as 
follows:—
1. Electrostatic interactions which may give rise to ion pairs between oppositely 
charged species and will lead to repulsion between similarly charged species.
2. Attractive Van der Waal's forces, including induction, orientation and dispersion 
forces.
3. ir system interactions, that is, effectively, molecular bonding.
4. Hydrogen bonding.
5. Short range repulsive forces.
Many dyes, pigments and stains are only sparingly soluble in water and, due to 
one or more of the forces above, tend to aggregate in solution. Aggregation is opposed 
thermodynamically due to the decrease in entropy of the system but this effect is 
counterbalanced to some extent by the destructuring of the water. Dyes, pigments and 
stains generally tend to cause structuring of the water as their molecules often possess 
charges and hydrophilic and hydrophobic moieties {Franks 1968).
The change in the absorption spectra of many dyes with changes in concentration, 
temperature and ionic strength of their aqueous solutions has been attributed to the 
tendency of dyes to form dimers or higher aggregates in solution. Coates, in a review 
(1969), has reported that, in general for dyes where the charge is localised and not a 
part of the chromophoric system, there is only a slight decrease in extinction coefficient 
and a slight shift to shorter wavelengths on increasing the dye concentration. On the 
other hand, if the charge is delocalised then two bands are apparent. The one of longer 
wavelength is associated with the monomer. For dyes of this sort which possess charges, 
the concentration of dimer is increased by addition of an inert electrolyte. This is 
ascribed to the combination of oppositely charged ions into the dimer to lessen the 
electrostatic repulsion (Sheppard and Geddes 1944).
A theoretical treatment of aggregation has been given by McRae and Kasha 
(1964) and Rohatgi and Mukhopadhyay (1972). In addition several thermodynamic 
studies have been made by; Derbyshire (1955), Rohatgi and Mukhopadhyay (1971), 
Hague et al (1971) which show that the rate constants for dimerisation and
dedimerisation, are both large so that equilibrium is rapidly attained.
1.A.5 The Chemistry of Bleaching
The concepts of stains possessing large chromophores and bleaches working by 
breaking these up into smaller chromophores have been briefly discussed in section 
1.A.3. The process can take place in solution or on the surface of the fibre. As a genera! 
rule the former is usually the faster of the two and is important in the washing of non- 
colourfast articles and in preventing redeposition of soils and stains on the fabric. 
Bleaching on the fibre surface is generally slower because adsorption tends to stabilise 
the ground state of the molecule and to impose severe steric constraints.
Bleaches can be divided into two broad classes. Those such as sulphur dioxide, 
bisulphite and sulphite ions work by reducing the molecule. The reductions are often 
reversed by aerobic oxidation, and so, these bleaches do not have any great application. 
The second class of bleaches consists of chemicals such as oxygen, ozone, peroxides, 
chlorine and chlorine oxides. They work by disrupting the chromophore by oxidation 
and often go so far as to break up the molecule into smaller fragments. They also have 
the advantage that, as they add more oxygen to the stain, they tend to make it more 
soluble in water. The mechanisms of oxidations are varied and can be electrophilic, 
nucleophilic or even radical in nature as in photo-oxidations. (Blum and Spealman 
1933).
1.A.6 The Aims of the Project
The purpose of this research has been to study the reactions of the peroxoacids, 
peroxobenzoic and monoperoxophthalic acid, with relatively simple mode! compounds. 
These model compounds should, ideally, have the following properties:— .
(i) They should be chemically simple so that the reaction is, itself, simple.
(ii) The chromophore should be sufficiently large so that it absorbs appreciably 
at wavelengths away from the wavelength of maximum absorbance of the 
peroxoacids. If this is the case it is easy to monitor the course of the reaction 
using UV spectroscopy.
(iii) The model compound should be sufficiently water soluble so that the solution 
will have an appreciable absorbance in the UV or visible region.
As a result of these studies it was hoped that, firstly, enough information could 
be obtained to elucidate the reaction mechanisms. Secondly, it was hoped that these
mechanisms might explain some of the facts observed during washing tests on real stains 
carried out by Interox. Finally, it was hoped that a more effective bleach might be 
developed. 1
Part B Introduction to Peroxoacid Properties
1.B.1 The Chemistry of Peroxoacids
Organic peroxoacids are derivatives of hydrogen peroxide in which one of the 
hydrogen atoms has been replaced by an organic group. Dipole measurements of 
aliphatic peroxoacids (Rittenhouse et al 1958) and infra red spectral evidence (Minkoff 
1954) have shown that peroxoacids have a skew conformation about the oxygen - 
oxygen bond similar to that in hydrogen peroxide.
The UV spectra of peroxoacids are similar to other hydroperoxides. For 
hydrogen peroxide (Symons 1962) it has been suggested that the transistions may 
involve oxygen lone pair electrons or electrons in 7r antibonding orbitals. An interesting 
feature of the spectra is that, upon ionization of the peroxidic proton, there is an 
approximately ten fold increase in the extinction coefficient or, alternatively, a shift in 
absorption towards the visible (Everett and Minkoff 1953). This is rationalised by 
assuming that the negative charge of the ionized peroxide increases the repulsion of the 
electron pairs on the oxygen in the ground state but leaves the excited state relatively 
unaffected.
The repulsion between the elctron pairs of the oxygen atoms accounts, partially 
at least, for the weakness of the oxygen - oxygen bond. This is of particular importance 
in the chemistry of the peroxoacid anions and will be considered later in this chapter 
(sections 1.B.3 and 1.B.4).
The thermal decomposition of peroxoacetic acid has been studied in the gas 
phase (Schmidt and Sehon 1963) and in aromatic solvents (Evans and Sehon 1963). 
Under these conditions the decomposition is homolytic in nature and the dissociation 
energy of the oxygen - oxygen bond has been estimated to be 120-140 kJ mof\
In aqueous solutions peroxoacids decompose by three distinct mechanisms 
which will be discussed in section 1.B.6.
In aqueous alkaline solutions the ionization of the peroxidic proton to form a 
peroxanion is an important aspect of peroxoacid chemistry.
Peroxoacids are weaker than the parent acids, for example, peroxoacetic acid 
has a pKg of 8.2 (Everett and Minkoff 1953) whereas acetic acid has a pKg of 4.7. 
Two factors are believed to account for this. Firstly, it is thought that hydrogen bonding
r — c  r  
' " O — <T
Secondly, while the parent carboxylic acid anion is stabilised by a delocalised 
electronic configuration,
J>
R —  CZ('0
in the case of the neutral peroxoacid molecule will stabilize it relative to the anionic
form.
* 0
but such stabilization is not likely in the case of peroxoacids due to the 
separation of charges it would cause. The latter situation is best shown by a 
consideration of the two canonical forms.
R— C «  < — >  R— C
> - 0 °  > < ^ 0 *
The pKg's of substituted peroxobenzoic acids have been measured 
potentiometrically (Goodman et al 1962). Substituent effects are less than in the case 
of the parent benzoic acids, which is to be expected since the proton is futher away and, 
moreover, the oxygen-oxygen link is electronically saturated. Dissociation constants 
are difficult to measure since peroxoacids undergo self-decomposition at their pKg.
1 .B.2 Electrophilic Properties of Peroxoacids
(a) Displacement at the Peroxidic Oxygen
The electrophilic behaviour of peroxoacids with electron pair donors in both 
aqueous and non-aqueous media has been studied in some detail (Swern 1949, Food 
Machiner Corporation 1964) Peroxoacids are ambident electrophiles and attack either 
takes place at the outer peroxidic oxygen or at the carbonyl carbon. The oxygen 
has non-bonded electrons and reacts faster with polarizable "soft" nucleophiles. For
example, it reacts much faster with iodide ions than with chloride ions (Edwards et al
18
1960) and there is little exchange with 0 labelled water (Edwards et al 1964). The 
carbonyl carbon on the other hand is relatively "hard" since it has some positively 
charged character and it therefore reacts with "hard", charged, non-polarizable bases 
such as hydroxide.
Badger (1953) has studied the oxidation of azobenzene in benzene to 
azoxybenzene by peroxobenzoic acid. He found a second order rate constant 
(2.31 x 10“4 I mol 5s *) which increased if the azobenzene had electron donating 
substituents. Overberger and Cummins (1953) studied the oxidation of pp'- 
dichlorobenzyl sulphide by pafa substituted peroxobenzoic acids. A plot of the log of
Nue: + R— c l  / H  ^  R - C j  -»N0H + R - C j  ©
0— o o £  ©  ^ 0
.  ^ :Nuc
On the basis of this model one should observe the following facts.
(i) A second order rate law, first order with respect to peroxoacid and nucleophile 
- concentrations, should hold.
(ii) The entropy of activation should be negative.
(iii) Less basic leaving groups R'CO®, should increase the rate.
(iv) Since there are unshared electron pairs on the oxygen atoms acid catalysis 
should occur.
Oxidations of chloride and bromide ions by peroxomonosulphuric, peroxoacetic 
and peroxomonophosphoric acids (Edwards et al 1960) and of iodide ions by 
substituted peroxobenzoic acids (Secco and Venturini 1972) show the above properties. 
The slopes of plots of log of the rate constant against the pKa of the parent acid are 
-0.5 (i.e. electron withdrawing groups increase increase the rate). The magnitude of the 
effect is less than is generally the case but consistent with results obtained for other 
hydroperoxides and halide ions (Edwards 1962).
From the large deuterium solvent isotope effect, the reverse dependence of the 
rate on the dielectric constant of the solvent, and the absence of a salt effect, Secco and 
Venturini concluded that hydrogen bonding between solvent and substrate occurred in 
the transition state which minimised charge separation by means Of proton transfers.
H v
/  ■ I ■ .
H
In addition they obtained the activation parameters for the reaction of peroxobenzoic 
acid and iodide in dioxan — water mixtures and found that the activation energies 
increased and activation entropies become less negative as the dioxan concentration 
increased. They explained this by postulating that interaction did not occur with the 
aprotic solvent in the transition state.
the second order rate constant against the pKa of the leaving group has a slope of minus
one. These results are typical of the reaction of many nucleophiles with peroxoacids
and led to the proposal of a simple mechanism by Edwards (1962). \
i.e. ®
/ H  + Nuc: R - <  H —■> RCO, -f NucOH
NtaO—<T ^ 0 —0 ^
Nuc
Edwards and Curci considered the situation in a review edited by Swern (1970), 
especially with regard to solvent effects, and concluded that the data suggest that 
reactions involving nucleophiles such as olefins or sulphides are influenced by solvation 
of both the ground states and transition state of substrate and peroxoacid. They suggest 
structures for the transition state in protic and aprotic solvents which involve bypassing 
of charge separation.
For reactions involving uncharged nucleophiles the simple scheme of Edwards
is energetically even less satisfactory as It Involves charge separation going from reactant
to products.
H
Similar ideas have been suggested by Battaglia et a! (1971 and 1974) and Ogata (1973).
(b) Displacement at the Carbonyl Carbon
Bunton et al (1956) studied the hydrolysis of peroxoacetic acid and found it 
to be acid catalysed i.e. the transition state consisted of nucleophilic attack of water on 
the conjugate acid of the peroxoacetic acid.
<21 fQSt 
HjO + C H jC O jH  ^  C H jC O T H j + H20
CHjCofH, + 2H20 — ■> HjO, + CH5C02H +  H^)
Battaglia and Edwards (1965) reached a similar conclusion for the hydrolysis of 
peroxomonophosphoric acid. They suggested the possibility of a non-acid catalysed 
pathway but, under the conditions necessary to measure this, the decomposition of the 
peroxoacid predominated.
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In his work Bunton used H2 O as solvent to prove that hydrolysis involved 
cleavage of the carbon - oxygen bond.
R— CO. 00H + H'jO R . C V O H  + H202
Secco and Celsi (1971) studied the hydrolysis of peroxobenzoic acid in acid 
solutions and detected a pathway not due to acid catalysis.
-d [PhC03Hj = kt [PhC03H] + k2 [PhC03H] [H ®] 
dt
xSR#2
H
\
and
R - C  r
0 - | - 0 j
sr;
They suggested a mechanism similar to that of Ingold and Day (1941) for the hydrolysis 
of simple aliphatic esters which involves carbonyl addition with the formation of 
tetrahedral intermediates. Later work (Secco, Celsi and Venturini 1973) showed that 
electron withdrawing substituents increased the rate of both pathways which suggested 
that bond forming predominates over bond breaking in the transition state and, due to 
the large negative values of the activation entropies they also suggested the possibility 
of more than one solvent molecule being involved in the transition state.
The alkaline hydrolyses of substituted perbenzoate ions were studied by the 
same workers in 1972 and 1973. They suggested the following reaction scheme:—
„  +H,0 Ph — CO? »0H®
0® S o ®  0®
I ^  >  I -OH® I e
Ph— C — 00H ==5s Ph— C — 00H = = £  Ph— X — 00®
+ 0H®
OH 0® 0®
!«, >K ♦Mjbj.-Kj
PhCO® + H;0j  PhCof + Hof PhCO® + Hof + OH®
From the magnitude of the salt effects it seems likely that cations are 
incorporated in the transition states and again, electron withdrawing substituents 
increase the rate suggesting that bond formation predominates in the transition states.
1.B.3 Introduction to Nucleophilicity
(a) General
Numerous attempts have been made to correlate one physical property with 
another by means of linear free energy relationships and one of the first of these was 
made by Bronsted (1922). He showed that the logarithms of the rate constants of a 
general base catalysed reaction had a linear relationship with the pKa's of the general 
base catalysts themselves. The slope of the plot (j3) was interpreted as a measure of the 
degree of bond formation between base and proton in the transition state compared 
with that of the conjugate acid of the base.
The relationship has now been extended to treat reaction sites other than 
hydrogen where some qualitative measure of bond formation is useful. Jencks and 
Gilchrist (1968) studied the hydrolysis of substituted phenyl acetates and gained a fairly 
clear picture of the factors involved in the catalysis of this reaction by oxygen anions.
The mechanism is:—
A  ©
RO0 + CHaCOOPh ----> CHgCOOR + OPh
CHgCOOR + H20  > CHgCOOH + HOR
0®
The release of the phenyl anion is believed to take place via a tetrahedral
intermediate (I) or a-transition state.
RO— C — -OPk (I)
CHS
If an intermediate does not exist then the transition state will either resemble the bond 
formation (Ia) or bond breaking (1^) step depending on whether the nucleophile is 
strong or weak.
o 6 "  o 5 -
6 - 1  I S -
R0— C — OPh RO— C —  OPh
CH} CHj
< y    - < v
Hence, for weak nucleophiles (Ib) the value of 0 will be larger than for strong 
nucleophiles. In these so-called extended Bronsted plots p can be greater than unity if a 
reaction centre is involved which is more electrophilic than the proton.
(b) The Edwards Equations
For the general reaction,
N + SX — * NS + X ,
Edwards (1954) correlated the nucleophllicity of a donor with its electrode potential 
(ability to be oxidised) and its basicity (ability to take up a proton) and arrived at the 
following equation.
log k - a En + p H
■ - ' k« . ;
In this equation k is the rate constant for the nucleophile considered, kQ is the rate
constant for nucleophilic attack by water, En = E° + 2.60 and H is related to thepKa
of the nucleophile by H = pKa + 1.74. ot and j3 are constants with (3 being the same as
the Bronsted p.
In 1956 Edwards correlated the nucleophilicity with the polarizability (P) 
of the nucleophile. The polarizability was defined as the log of the ratio of the molar 
refractivlty of the nucleophile to the molar refractjvity of water. The equation was,
log Jro = a P + pH
■' - " /  '■ kO . ; '■ " "
These correlations ignore factors due to solvation, stereochemistry, hydrogen bonding or 
cyclic transition states.
Edwards suggested that the coefficient p would increase as the positive charge 
character of the electrophile increased but pointed out that (except in the case of the 
proton) repulsion between filled orbitals of nucleophile and electrophile would inhibit 
this increase. Now, the polarizability of a molecule is a measure of the availability of 
relatively low lying empty orbitals of the molecule. If polarization of non-bonding 
electrons occurs in the direction of the nucleophile and takes non-bonding electrons 
away from the bonding region, then, the repulsion mentioned above will be reduced. 
This will allow a closer approach of nucleophile and substrate and cause a lowering in 
the transition state energy which will be reflected in an increase of a. The ratio a/p can 
be taken as a measure of the "hardness" or "softness" of a base. A large value implies 
a soft base whilst a small value implies a hard base.
(c) The "Alpha Effect"
A certain group of nucleophiles which possess an electronegative atom with free 
lone pairs of electrons adjacent (i.e. in the alpha position) to the nucleophilic atom were 
found to react more rapidly with certain substrates than would be predicted from their 
basicity. Examples of such "super - nucleophiles" are hydrazine, hypochlorite ion and 
peroxoanions. Several factors have been suggested to account for their behaviour.
Jencks (1969) suggested that steric effects may be involved since the alpha atom 
generally does not have many groups attached to it.
Edwards and Pearson (1962) suggested that, when the nucleophilic lone pair is 
donated, then the lone pairs on the alpha atom may interact by some weak form of 
7r-bonding and thus lower the activation energy.
Klopman et al (1970) suggested that lone pair repulsions between alpha atom 
and the nucleophilic atom electrons would raise the energy of the ground state (i.e. 
weaken the bond between the atoms) and make the nucleophilic electrons "more 
available". The basicity of the nucleophile to a proton will be largely unaffected by the 
latter consideration since coulombic attraction is the dominant term, whereas a "soft" 
electrophile should find its reaction affected. In other words the ratio a/p must be large 
for the electrophile under consideration for the "alpha effect" to be observed. For 
similar reasons the conformations of nucleophile and electrophile are important. Finally, 
the extent of bond formation must be large for the effect to be apparent i.e. p must be 
large also. Mclsaac et al (1972) studied the reactivity of peroxoanions with various 
substrates and their results agree, by and large, with the above predictions.
1.B.4 Nucleophilic Oxidation by Peroxoacids
Peroxoacids react nucleophilically With a wide range of compounds. Probably 
the best known reaction is the Baeyer-Villiger oxidation of ketones to esters discovered
R CO R + R'C03H . 1 > R'C02H + R C O O R
This is generally an acid catalysed reaction the mechanism of which was reviewed by 
Edwards and Curci, under the editorship of Swern (1970) and it is generally believed 
to occur via a preliminary nucieophilic attack on the substrate followed by a 
rearrangement of. the intermediate to give the products. Peroxoacids also react 
nucleophilically with N - benzoylimines (Padwa 1965), unsaturated ketones (Wenkert 
and Rubin 1952) and benzaldehydes (Ogata et al 1961).
Since peroxoacids can react nucjeophilically, it is obvious that peroxoacid anions 
can also. Examples of this are seen in their reactions with sulphides (Curci and Modena 
1964), Peroxoacid anions have an advantage in such oxidations over hydrogen peroxide 
arid alkyl peroxides, in that RO0 and HO0 are bad leaving groups, while RCO20 is a 
good one. This is reflected by the inability of hydrogen peroxide and alkyl peroxides to 
oxidize phenyl methyl sulphoxide in alkaline media inspite of their high nucleophilicity 
(Curci et al 1966).
A similar reaction to the Baeyer-Villiger oxidation is observed between the
hydrogen peroxide anion and benzaldehydes. In the ease of benzaldehyde itself benzoic
acid is the main product. _
O0
a  I HjfdrW* &
, PhCHO + HO? ^  Ph— C— H 4 >  PhCOOH +  0HW
in 1899.
Shift
\
In the case of ortho or para hydroxybenzaldehydes catechols and quinols are the main 
products. This is known as the Dakin reaction (Lee and Uff 1967).
ft I Phenjd
HO— Ph— CHO +  H0” ^ *  HO— Ph— C — 0  — »  HO— Ph— 0 — CHO
Shift -
0 j^Hydroipft
\ Q HOPhOH +  CHO H
/  I A ■:
The oxidation of a, j3 unsaturated ketones with alkaline hydrogen peroxide has 
been studied by Bunton and Minkoff (1949). They found the mechanism to be as
follows, y C H ,  I U  vCH,
HO? +  R| RjC «  CH— C — >  C — C j -  C .
\  B, I  <>' 0e
I
R, '
A 7c- cv  + »* 0 0
1.B.5 The Catalysis of Peroxoacid Reactions by Ketones, Halide Ions and Transition 
Metal Ions.
(a) Ketones
In 1974 Montgomery reported that the addition of ketones catalysed chloride 
and polar blue oxidation and the decomposition of the peroxomonosulphate ion. The 
rate law for the decomposition approximated to the form below where k t > k2.
-d [HSOse ] = k, [HSOs0 ] [ketone] [OH0] + k2 [HSOs0 ] [ketone], 
dt : ■ :
The oxidation reactions depend on the ketone and hydroxide concentrations in
roughly the same way as in the above equation. From the ratio of reactants to products 
and the linear free energy relationship between the rates of catalytic decomposition and 
oxidation of reducing substrate for all the ketones he studied, Montgomery suggested 
that oxidation and decomposition reactions go through a common intermediate.
(b) Halide Ions
It is a well known fact that peroxides can oxidize halide ions (Edwards et al 
1960). The initial product is the hypohalide which reacts further to give the elemental 
halogen.
R O O H  + X0  sl°^ XOH + RO0 H20 + X2 + RO0
Hypohalites are well known bleaching agents so that the presence of halide ions may 
lead to misleading results if one is trying to study the bleaching due to peroxoacids. 
Such an effect was observed by Davies (1975).
(c) Transition Metal Ions
Decomposition of peroxoacids has been shown to take place in aqueous solution 
via a free radical pathway when catalysed by metal ions of variable valency (Edwards et 
al 1958). (They also decompose in other ways but these will be discussed in the next 
section).
It has been suggested that the first step in the reaction is either, ;
RC03H + M (n'1)+— > RC02 • + M n+ + OH0 
(Edwards et al 1963, Denisov et ai 1960)
or,
Displacement reactions of perhydroxide anion on acid anhydrides, acid
chlorides, esters and alkyl methanesulphonates are reviewed by Edwards in Swern's
review (1970).
RC03H + M (n l) + — > RCO20 + M n+ + -OH 
(Kern and Schultz 1954)
The reaction,
RCO 3H + M n+— ->RC0 3 v+ M (n*1)+ + H*
is much slower than the M <n ' 11 + catalysed reactions in the case of peroxoacids (Denisov 
etal 1960).
Ethylenediaminetetraacetic acid, (EDTA), has been used in many cases to 
chelate the metal ions and prevent such reactions from occurring. (Edwardsetal 1958, 
1963, Mclsaac et al 1972, Curci and Modena 1963,1965).
If such reactions do occur then it is highly likely that the radicals produced will 
react with an oxidizable substrate. It is particularly likely since the industrial bleaching 
action of hydrogen peroxide is ascribed, in part, to radicals generated in just such a way 
(Cates etal 1975,1976).
1 .B. 6  The Decomposition of Peroxoacids
It was found that the rate of decomposition of peroxomonosulphuric acid to the 
parent acid and oxygen was a maximum at the pKg of the peroxidic proton (Edwards 
and Ball 1956). Similar results were found for; peroxomonophosphoric acid (Goodman 
and Robson 1963, Edwards et al 1963), substituted peroxobenzoic acids (Robson et al 
1962), peroxoacetic acid and peroxomonochloroacetic acid (Edwards et al 1963), 
peroxophthalic acid (Edwards et al 1967) and peroxopivalic acid (Koubek and Welsh 
1968). (EDTA was added in all these reactions to suppress the metai ion catalysed 
reactions).
Activation parameters were found to be consistent with nucleophilic 
displacement being the rate determining step. This was confirmed by Goodman et al 
(1962) who showed that decomposition in solutions containing both paranitro and 
paramethyl peroxobenzoic acids was faster than would be expected if each peroxoacid 
decomposed individually. From these results it was suggested that the mechanism of 
decomposition was one of nucleophilic attack by the peroxoacid anion on the acid.
i.e. rate = k [RQOH] [ROO0 ]
For peroxocarboxylic acids there are two possible transition states depending upon 
whether the attack takes place at the peroxidic oxygen or the carbonyl carbon.
P  A/  vjlO
R— C ,0-|-0 R—
A ° + < C  / — * and o® 0 _ v „
0 V  !
R
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Using 0 labelled compounds, Edwards et al (1963, 1964) and Koubek and Welsh 
(1968), showed that both pathways occurred for the same peroxoacid. In general the
preference for attack by the anion is,
carbonyl carbon > peroxidic oxygen > tetrahedral sulphur.
Where the R'group was large, e.g. monoperoxyphthalic acid, attack was hindered at the 
carbon atom so a larger proportion of the reaction occurred by attack at the peroxidic 
oxygen.
As has been mentioned in section 1.B.5 (c) metal ions of variable valency 
catalyse the decomposition of peroxoacids by a free radical mechanism (Edwards et al 
1958). Certain metal ion complexes behave similarly (Edwards and Koubek 1963). the 
detailed mechanism has not been confirmed in any case as yet.
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2.1 Introduction
From what has been covered in the general introduction it was apparent that 
peroxoacids can react with a wide variety of functional groups. It was, therefore, 
decided that it would be preferable if the model stain substrates had only one type of 
functional group present that could, conceivably, be attacked by the peroxoacids. In 
practice this was not possible since, in order to study the reactions by U V spectroscopy, 
the model compounds had to have a fairly large chromophore which invariably meant 
that there was always more than one possible site of attack. Thus, in order to keep the 
reaction system as simple as possible, compounds were chosen which had only one type 
of reactive functional group, namely, a carbon-carbon double bond. Such compounds 
would be models for stains such as the carrotenes. In order that it might be possible to 
study the reactions in aqueous solution simple polyenes were not used but rather the 
following carboxylic acids.
HO 0 ' HO 0
para-vinylbenzoic acid ■'
(p-VBA) sorbic acid (SA) cinnamic acid (CA)
The addition of the carboxylic acid group, besides solubilising the molecule, had the 
advantage of extending the chromophore and thus causing greater absorbance at longer 
wavelengths. It had the disadvantage of rendering the molecule less nucleophilic but this 
will be discussed later in this chapter.
2.2 The Reaction between Peroxobenzoic Acid and para-Vinylbenzoic Acid
The extinction coefficient of p-VBA at 266 nm is 22,200, that of peroxobenzoic 
acid (PBA) is about 800 and that of benzoic acid (BA) is rather less. Consequently, with 
equal concentrations of p-VBA and PBA, it was possible to follow the concentration of 
p-VBA by monitoring the UV absorbance at 266 nm.
Two simple qualitative experiments were carried out. The change in absorbance 
at 266 nm and at room temperature was followed for two solutions. The first solution 
was 5 x 10" 5 molar with respect to the concentrations of p-VBA and PBA while the 
other solution was 5 x 1CT5 molar with respect to PBA only. Both solutions were made 
up in a phosphate buffer of pH 8.14 which was KT 1 molar with respect to disodium- 
monohydrogen phosphate and. 1 0 "? molar with respect to monosodiumdihydrogen 
phosphate. In both cases the absorbance decreased slowly with time but the rate was 
greater when p-VBA was present.
As has been explained in Chapter I organic peroxoacids are known to undergo 
self-decomposition by three mechanisms. Two of these are second order and involve 
attack of the peroxoacid by the peroxoacid anion and therefore have second order rate 
laws with maximum rates at the pKa of the peroxoacid. The two mechanisms only differ 
in the site of anionic attack/namely, either at the peroxidic oxygen, or at the carbonyl 
carbon. The third mechanism is radical in nature and is catalysed by the presence of 
transition metal ions of variable valency. Other workers have made use of 
ethylenediaminetetraacetic acid (EDTA) to inhibit this latter mechanism. Presumably, 
it does this by chelating the metal ions and thus reducing their activity. It was therefore 
decided to add EDTA in these experiments to prevent any decrease in absorbance due to 
the self-decomposition of PBA occasioned by this latter mechanism. The amount of 
self-decomposition which occurred by either of the second order mechanisms must be 
negligible since, although the pH was very close to the pKa of PBA (7.8), the 
concentrations of PBA were so small that the rate of decomposition by a second order 
mechanism was very slow indeed.
The concentrations of PBA and p-VBA were kept at 5 x 10"s mol dm - 3  The 
solution was again phosphate buffered to a pH 8.14 and the concentration of EDTA was 
varied between 4 x 10~ 3 and 4 x 10~ 6 mol dm-3. The following results were observed.
(i) With an EDTA concentration of 4 x 10~ 3 mol dm - 3  there was no change in 
absorbance with time, either for the case when PBA was present alone, or when 
p-VBA and PBA were both present.
(ii) When the EDTA concentration was reduced to 4 x KT 4 mol dm - 3  an initial 
decrease in absorbance occurred which was complete in about 2 0  minutes, 
thereafter no further change was observed in either case.
(iii) Reducing the EDTA concentration still further, to 4 x 10“s mol dm-3, had the 
effect of increasing the time required for the initial decrease in absorbance to 
about 30 minutes, otherwise the observations were as in (ii).
(iv) If the EDTA concentration was lowered still further to a value of 4 x 10~ 6 
mol dm " 3 then a slow decrease in absorbance with time was observed in both 
cases with the rates appearing identical.
(v) Finally, when the EDTA concentration was reduced to zero and copper nitrate 
was added to an extent of 1 0 “ 4 mol dm " 3 the rate was observed to increase in 
both cases with the increase being greatest when p-VBA was present.
2.3 The Effect of Additions of Ethylenediaminetetraacetic Acid and Copper Ions
on the Reaction between Peroxobenzoic and para-Vinylbenzoic Acid.
When the pH was increased to 10.75 a decrease jn absorbance was observed in 
both cases with the rates being identical whether p-VBA was present or not.
When the pH was kept at 8.14 but the temperature was increased to 35° C an 
increase in the rate was observed, the increase being greater when p-VBA was present. 
The rate was measured under pseudo first order conditions with a p-VBA concentration 
of 2 x 10"s mol dm - 3  and a PBA concentration of 2 x 10- 3  mol dm-3. The pseudo first 
order rate constant was measured as 4.17 x 10- 4  s“\ (Fig* 2.1 and Table 2.1)
2.4 The Effect of Varying the Temperature and pH on the Reaction between
Peroxobenzoic and para-Vinylbenzoic Acids.
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Fig. 2.1 A Pseudo First Order Plot for the Reaction of p-VBA (2 x 10~5 M) with
PBA (2 x 10'3 M) at pH 8.14 and 35°C.
Time (mins) . Absorbance at time t -Abs at t = °°in. ----- - ------ - ----------—  .
Extinction Coefficient of p - VBA
0 -10.98
5 -11.04
1 0 -1 1 . 2 1
15 -11.33
2 0 -11.42
25 -11.57
30 -11.72
35 -11.79
40
CO1
45 -11.98
50 -12.13
The reaction was studied in a solution of the same phosphate buffer as 
mentioned previously (pH 8.14). The concentration of SA was usually 5 x 1CT5 mol 
dm " 3 but when a 1 m m  UV cell was used the concentration was ten times this. The PBA 
concentrations ranged from 2 x 1CT4 to 2 x 10~ 3 mol dm-3. The reactions were followed 
by monitoring the absorbance change at 257 nm which is the wavelength of maximum 
absorption for SA. The decrease in absorbance with time data gave good pseudo first 
order plots (Fig. and Table 2.2) and the results are summarised in the table below. 
The reaction temperature was 35°C.
Table 2.3
Pseudo First Order Rate Constant data for PBA/SA reaction.
Concentration of SA = 5  x 1 0 _s mol dm-3. pH 8.14. Temperature 35°C.
2.5 The Reaction of Sorbic Acid with Peroxobenzoic Acid
Initial Concentration of 
PBA (mol dm"3)
Pseudo 1st Order 
Rate Const. (5-1) 1/Cone. PBA 1/Rate Const.
2  x 1 0 " 4 
2  x 1 0 " 4  
2.5 x 1 0 “ 4  
3.33 x 10- 4  
. 5.0 x 10“ 4
1 0 . 0  x iir4
2 0 . 0  x 1 0 " 4
2.27 x ip- 4  
2.95 x 10"“ 
2.92 x 10‘ 4  
3.33 x 10- 4  
4.17 x 10J 
4.67 x jO - 4  
4.90 x 10’ 1
5 x 103 
5 x 103 
4 x 10*- 
3 x 10* 
2  x 1 0 * 
1 x 1 0 s 
0.5 x 10*
4.41 x 103
3.39 x 103
3.42 x 103  
3.00 x 103
2.40 x 103 
2.14 x 103 
2.04 x 103
From the above data it is obvious that the reaction does not obey first order 
kinetics with respect to the concentration of PBA, when the concentration of PBA 
increases ten fold the rate of reaction does not even double. A plot of the reciprocal of
the pseudo first order rate constant against the reciprocal of the initial concentration of
PBA is quite a good straight line (Fig. 2.3). This is consistent with a mechanism of 
the following form.
k k . ■ '. • '
PBA + SA ^  I Products 
Here I is some intermediate whose absorbance at 257 nm is very similar to that of SA. 
v [I] = K [PBA] [SA]
[SA] - [SA] + [I] i.e. this assumes that the absorbance of the intermediate 
is well nigh identical to the absorbance of SA at 257 nm.
[I] ~ K [PBA] ([SA] - [I])
i.e. D] - K [PBA] [SA]
%  1 + K [PBA]
rate = k [I] = kK [PBA] [SA]
1 + K [PBA]
' /■ ■■ - 1  ' * ’ 1 ' 111   =   + “
observed rate constant kK [PBA] k
Initial concentration of SA = 5 x 10~s mol dm"3. Initial concentration of PBA - 
25 x 10“ 4 mol dm " 3
9 .7-i
Fig. 2.2 An Example of the First Order Plots Obtained for the Reaction of PBA with
SA at 35°C and pH 8.14.
Time (mins)
Table 22
Time (mins)
Absorbance at time t - Abs at t = <*> 
' E for SA
0 -9.76
5 -9.83-
10 -9.92
15 -10.01
20 -10.10
25 -10.18
30 • -10.29
35 -10.35
40 -10.45 |
Pseudo 
First Order 
Rate 
Const
- 3 2 -
Fig.2.3 A  plot of the Reciprocals of the Pseudo First Order Rate Constants versus 
the Reciprocals of the PBA Concentrations for Reactions at 35°C and 
pH 8.14.
PBA concentration
2.6 The Effects of Addition of Ethylenediaminetetraacetic Acid and Copper Ions
oh the Reaction between Sorbic Acid and Peroxobenzoic Acid.
It was observed that small additions of EDTA slowed the reaction between SA 
and PBA while relatively large additions stopped it completely. For example, with an 
SA concentration of 5 x 10“ 5 mol dm - 3  and a PBA concentration of 5 x 1(T* moj dm - 3  
addition of EDTA to an extent of 10“ 6 mol dm - 3  reduced the rate by a factor of 2 
at pH 8.14 and 35°C. Addition of EDTA to an extent of 10“ 3 mol dm - 3  resulted in no 
reaction being observed.
When no EDTA was added but copper II nitrate was introduced to an extent of 
1 0 ~ 4 mol drrf3 to the reactant solution no change was observed in the rate of reaction.
2.7 The Effect of Varying the pH on the Reaction between Sorbic Acid and
Peroxobenzoic Acid.
Increasing the pH of the reactant solution to 12 had the effect of stopping the 
reaction, that is, no change in absorbance was observed with time at 257 nm. When the 
pH was reduced to 2 a reaction was observed to occur. When the SA concentration was 
5 x 10” 5 mol dm ” 3 and a PBA concentration of 2 x 10” 4 mol dm ” 3 the observed pseudo 
first order rate constant was 2.62 x 1GT4 s'1.
2.8 The Reaction of Cinnamic Acid with Peroxobenzoic Acid
The concentration of CA was 5 x 10”s mol dm ” 3 and that of the PBA was 
5 x 10”s mol dm”3. The reaction was followed by repeated scans of the whole spectrum 
and although the absorbance decreased it never decreased below the value due to CA 
alone. It was concluded that the fall in absorbance was due to the decomposition of 
PBA and that CA did not undergo a reaction.
2.9 The Self-Decomposition of Peroxobenzoic Acid at 35°C
A brief study of the decomposition of PBA was carried out at pH 6.74. The 
pH was held at this value by studying the reactions in a buffer solution which was 
1CT1 molar with respect to monosodiumdihydrogen phosphate and disodiummorio- 
hydrogen phosphate. The PBA concentration was monitored by iodometric titrations 
and following the absorbance at 270 and 290 nm. A summary of the observations is 
made below.
(a) At PBA concentrations above 10~ 2 mol dm - 3  second order kinetics were 
observed to be obeyed.
(b) At PBA concentrations of less than 1CT3 mol dm ’ 3 first order kinetics were 
observed to hold.
(c) At intermediate concentrations of PBA neither first nor second order 
kinetics were sufficient to fit the data.
(d) Addition of EDTA in small amounts (less than 10% of the PBA 
• concentration) was enough to stop the reaction for the case of low PBA
concentrations. For the case of higher PBA concentrations larger amounts of 
EDTA had to be used to completely stop the reaction. It was found that 
amounts of EDTA greater than 50% of the PBA concentration was enough 
to stop the reaction.
(e) Plots of absorbance versus time often showed an increase followed by a 
decrease, particularly at 290 nm.
(f) Addition of Cu2+ ions did not have much effect on the reaction.
(g) Addition of Cr3+ ions tended to increase the size of the "hump" in the 
absorbance versus time plots and tended to increase the rate of the first 
order reaction at low PBA concentrations.
Some examples of the experimental data are given in the following figures and 
tables (2.4-2.7).
These observations were explained by postulating the existence of two 
decomposition mechanisms in accordance with the work by Goodman (1962) and 
Edwards (1967). One mechanism is due to the attack of peroxoacid by the peroxoacid 
anion as mentioned in 1.B.6. Since it is a second order mechanism it is only observed at 
relatively high PBA concentrations. The rate constant was found to be in the range 
10~ 2 to 10- 3  dm 3 mol- 1 s” 1 and since the study was made at a pH roughly one unit 
away from the peroxoacid pKa the maximum rate of decomposition will be roughly 
three times this which agrees with Goodman.
(At pH 6.74 - 10% of the PBA will be ionized 
rate = k [anion] [acid]
= k [0.9j [0.1] [PBA] 2 total 
At pK of PBA => 50% of the PBA is ionized 
rate = k [0.5] [0.5] [PBA] 2 total
*’• rate at [0.5] 2 25
rate at 6.74 * [0.9] [0.1] " 9
As the concentration of PBA falls the amount of decomposition occurring by 
this mechanism also falls and a first order mechanism comes to predominate. This is 
presumably the radical, metal- ion catalysed raction also mentioned in 1.B.6. Since 
small additions of EDTA inhibit the reaction and small additions of Cr3* increase the
The effect of EDTA additions on the second order decomposition mechanism is 
ascribed to the EDTA reacting with the PBA in the proportions 1:2 to give, either, some 
kind of complex, or some oxidized form of EDTA which is capable of oxidizing iodide 
ions in acid solutions.
rate this view is supported by the experimental observations. The first order rate
constant was found to be approximately 10"4 s"1.
concentration 
of PBA 
mol
"
1 
dm
2.4 The Self-Decomposition of PBA at room temperature and pH 6.74 with on
Initial Concentration of 2 x 10~2 mol dm"3 fitted to second order kinetics.
Table 2.4
Time (mins) [PBA] mol dm - 3
1
[PBA] mol- 1  dm 3
0 1.79 x 10~ 2 55.9
15 • 1.69 x 1 0 ~ 2 59.2
30 1.64 x 10“ 2 61.0
45 1.55 x 10" 2 64.5
60 1.50 x 10" 2 66.7
.2.5 The Self-Decomposition of PBA at 35°C, pH 6.74 and an initial
concentration of 10~2 mol dm'3 fitted to second order kinetics.
Table 2.5
Time (mins) [PBA] mol dm " 3
1
[PBA] dm 3 mol- 1
0 9.70 x 10“ 3 103
1 2 8.95 x 10" 3 112
24 8.25 x 10" 3 1 2 1
36 7.80 x 10- 3 128
48 7.40 x 10" 3 135
125 5.50 x 10~ 3 182
144 4.95 x 10~ 3 2 0 2
156 4.80 x 10" 3 208
180 4.35 x 10“ 3 230
2 1 1 3.75 x 10- 3 267
223 3.55 x 1 0 " 3 282
291 2.50 x 10- 3 400
In 
(10,000 
x 
PBA 
concentration)
Fig. 2.6 The Self-Decomposition of PBA at 30°C, pH 6.74 and an initial
concentration of 10~3 fitted to first order kinetics.
+2.50-1
Time (mins)
Table 2.6
Time (mins) [PBA] mol dm ” 3 In (10,000 [PBA])
0 8 . 0 0  x 1 0 £ 2.079 I
24 5.88 x 1 0 ~ 4 1.771
48 4.25 x 10" 4 1.447
72 3.50 x 10“ 4 1.253
92 2 . 8 8  x 1 0 " 4 1.056
180 0.98 x 10" 4 -0.025
2 0 0 0.90 x KT 4 -0.105
240 0.73 x 10" 4 -0.322
260 0.48 x j0 - 4 -0.744
Fig. 2.7 The change in absorbance at 290 nm with time of a solution of PBA at
35°C, pH 6.74 and an initial concentration of 10-3 mol dm-3 with Cr3+ ions
present to an extent of 10“s mol dm-3.
Table 2.7
Time (mins) Absorbance at 290 nm
0 0-150
4 0-204
8 0 - 244
16 0-270
20 0-286
40 0-298
60 . J  0-335
80 0-346 :
100 0-350
.120 0-347
140 0-344 .
160 0-341
180 0-337
200 0-332 ,
2.10 Discussion and Suggestions for Further Work
Swern (1947). interpreted the reaction of various olefins with various 
peroxoacids by postulating a mechanism of electrophilic attack by the peroxoacid on 
the olefin, Swern also reviewed the subject in 1949. Bateman (1954) suggested that 
peroxidic oxidation of olefins could occur by a radical, metal Ion catalyzed reaction.
The work reported here provides evidence for both mechanisms. For example, 
the order of reactivity of the olefins is SA > p-VBA > CA which is the order of their
nucleophilicity. Furthermore, a reaction is not observed in highly basic media 
(pH 11 — 12) while a reaction is observed at pH2 which is consistent with the idea of 
the peroxoacid being unable to carry out electrophilic attack on the olefin. On the other 
hand, the effect of EDTA on the reaction provides evidence for Bateman's mechanism. 
When EDTA is present in quantities greater than 50% of the PBA concentration it stops 
the reaction. When it is present in amounts less than this it can still have a very marked 
effect, for example, when the EDTA concentration was 10% that of the PBA it still 
caused the rate of reaction between SA and PBA to be halved.
These results are interpreted in the following way. It is thought likely that 
electrophilic attack of the olefins occurs by attack by both the peroxoacid and its 
radical. The EDTA has two effects. Firstly, it reacts with PBA in the proportions 1:2. 
Although the oxidized EDTA can still oxidize iodide ions in acid solution it will not 
oxidize the olefins under the conditions used in the experiments. The oxidized EDTA 
still has the property of chelating metal ions so that it inhibits any metal ion catalysed 
reaction. Further, and more conclusive evidence, that this occurs is presented in the 
next chapter.
As far as the mechanism of olefin oxidation is concerned the variation of the 
pseudo first order rate constant for the reaction of SA and PBA with variation of the 
concentration of PBA show that the reaction is not simple but does fit a mechanism of 
the form below providing one assumes that the absorbance due to the intermediate is 
very close to the absorbance of an equivalent quantity of SA. This suggests that the 
structure of the intermediate is similar to that of the SA.
K k
PBA + SA ^  I Products
No attempt was made to clarify the structure of the intermediate or to pursue 
this work further. There were three reasons why the study was not continued. Firstly, 
Swern and Bateman had already covered the field quite comprehensively. Secondly, 
having shown that the mechanism is probably one of electrophilic attack and since most 
washing powders operate in the pH range 10 to 11, it would appear that stains in which 
a conjugated olefinic carbon-carbon chain form the main chromophore will not be 
bleached by peroxoacids under the practical conditions required. On the other hand 
this will probably not matter since such a hydrophobic chromophore will not be likely 
to adhere chemically to the cloth fabric and will be easily removed by the detergents 
present in washing powder formulations. Finally, there were numerous experimental 
difficulties in the way of further study. These were;
(i) The absorbance of the olefins overlapped the absorbance of the PBA.
(ii) Due to the concurrent decomposition of the PBA it was not easy to determine
how much of of the absorbance loss was due to the oxidation of the substrate.
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(iii) In order to render the olefins water soluble they all possessed a carboxylic acid 
group. This reduced the nucleophilicity of the substrate and made the reactions
slow. This had the effect of magnifying the problems caused by (i) and (ii).
Possible extensions of this study that may be worthwhile would be;
(i) to construct a rate constant versus pH profile,
(ji) to determine, at various pHs, the amount of reaction occurring by a radical
mechanism, (This could be done by adding very small amounts of EDTA and 
seeing how the rate was affected.)
(iii) an investigation of the reaction between PBA and EDTA,
(iv) to study further the dependance of the pseudo first order rate constant upon the
concentration of PBA at various pHs, :
(v) to study the catalytic activity of a range of transition metal ions,
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CHAPTER III
T H E  R E A C T I O N S  O F  P E R O X O B E N Z O I C  A C I D  A N D  
M O N O P E R O X O P H T H A L I C  A C I D  W I T H  
M E T H Y L  O R A N G E  A N D  M E T H Y L  R E D
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3.10 A  postulated mechanism for the oxidation of methyl orange and methyl red 
by peroxobenzoic acid and monoperoxophthalic acid.
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3.1 Introduction
Due to the problems encountered when studying the reactions of the various 
olefins with peroxobenzoic acid (PBA), which arose because of the slowness of the 
reaction and the fact that the absorbance of PBA was significant at the X for the• • . max.
olefins, it was decided to study some compound which had a rapid rate of reaction and a 
Xmax well away from the absorbance region of the peroxoacids. Interox had studied the 
reaction of methyl orange with peroxoacetic acid and had obtained the rate versus pH 
profile shown in figure 3.1. Although they were not able to offer a convincing 
explanation for the results it was apparent that methyl orange was a possible candidate 
for further study. This chapter reports on work that was done on the bleaching of 
methyl orange (MO) and methyl red (MR) by peroxobenzoic acid (PBA) and 
monoperoxophthalic acid (MPPA) and suggests a mechanism for the reaction.
MO and MR are simple azo dyes which are commonly used as pH indicators. 
Azo dyes themselves were the first synthetic dye-stuffs and are still Industrially 
important so that this work is of direct application.
N =  N
Methyl Orange
C\
/ N
CH’
0
H 
Methyl Red
Although azo dyes are known to undergo aggregation in aqueous solution, 
(section 1 .A.4), it was hoped to avoid any problems due to this by working at very low 
concentrations of dye.
The reactions of PBA with various aromatic azo compounds has been studied in 
benzene solutions (Badger et al 1953). The workers found that the reactions were light 
sensitive, catalysed by the presence of benzoic acid and that the PBA acted as an 
electrophile. The reaction products were aromatic azoxy compounds. Ogata (1958) 
studied the oxidation of dimethylanilines by Caro's acid and found that the reaction 
product was an amine oxide formed by electrophilic attack of the Caro's acid upon the 
dimethylamino group. Thus there are two likely reaction centres in both MO and MR.
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Fig.3.1 The Bleaching of methyl orange by peroxoacetic acid:
A plot of the pseudo first order rate constant against pH.
[MO] = 1.224 x 10“s mol dm"3/[HOOAc] = 1.42 x 10~ 3 mol dm " 3 Temp = 20 ± 2°C
Table 3.1 : Data for Fig. 3.1'
pH Pseudo 1 st Order Rate Constant
4.20 3.14 x 10" 4 s" 1
4.85 2.56 x 10" 4 s" 1
5.40 2.18 x 1 0 " 4 s" 1
6.15 2 . 1 0  x 1 0 “ 4 s' * 1
7.10 2.56 x 10“ 4 s' 1
7.40 2.14 x 10" 4 s" 1
7.70 1.80 x 1 0 " 4 s" 1
8 . 0 0 0.82 x 1 0 " 4 s" 1
8.50 0.54 x 10" 4 s" 1
9.50 0.14 x 10" 4 s" 1
1 0 . 2 0 0.06 x 1 0 “ 4 s“l
The first reaction that was studied was one between M O  and PBA at pH 6.74 
and 35°C. The initial concentrations were 2 x 10“ 6 mol dm " 3 and 0.207 g/100 ml 
respectively, i.e. if the PBA were 100% pure its concentration would be 1.5 x 10~ 2 
molar. Various amounts of EDTA were added and the absorbance was monitored at 
461 nm. The pseudo first order rate constant in each case was measured from the slope 
of a plot of, - In (Absorbance at time t - Absorbance at time t - °°) against time. The 
results obtained are summarised in figure 3.2.
From a consideration of figure 3.2 the following observations were noted. 
Firstly, as the concentration of EDTA increased from 10" 4 mol dm " 3 to 7.5 x 10“ 3 
mol dm " 3 (roughly half the PBA concentration) the pseudo first order rate constant 
decreased in a linear manner. Secondly, at concentrations of EDTA greater than
7.5 x 10" 3 mol dm " 3 the pseudo first order rate constant stayed small and roughly 
constant. Finally, the pseudo first order rate constant when no EDTA was present was 
larger than would be expected from an extrapolated value.
Similar experiments were carried out at various pHs for both peroxoacids and 
both substrates and the following facts were noted:
For reactions involving MO it  was found that;
(i) Good pseudo first order plots were obtained.
r-(ii) Addition of EDTA reduced the value of the pseudo first order rate constant
in a linear manner until the concentration of EDTA was greater than half the 
peroxoacid concentration except at acid pHs (Fig. 3.3).
For reactions involving MR i t  was found that;
(i) Good first order plots were not obtained but the plots that were obtained 
appeared to be due to two first order reactions of widely differing rates 
(Fig. 3.4).
(ii) Considering the more rapid of these two reactions it was found that it behaved 
in a similar way to the reactions of MO with the peroxoacids, that is, it gave a 
linear fall in pseudo first order rate constant with addition of EDTA.
For reactions involving PBA i t  was found that;
(i) Only for a pH range about pH 7 did the observed rate constant for zero addition 
of EDTA differ significantly from the extrapolated value.
For reactions involving MPPA it  was found that;
(i) The rate constant for zero addition of EDTA did not differ, under any 
conditions, from the extrapolated value.
3.2 The inhibiting effect of ethyienediamintetraacetic acid on the reactions of
methyl orange and methyl red with the peroxoacids.
These results are interpreted as follows:
MO and MR were both observed to react with PBA and MPPA. EDTA also was 
found to react with the peroxoacids in the proportions of one mole of EDTA to two 
moles of peroxoacid. This latter reaction is very rapid except at acid pHs (below pH 4) 
which explains the non linearity of the plot shown in figure 3.3. This hypothesis was 
tested by following the absorbance of a solution of PBA and EDTA at pHs 6  and 3. At 
pH 6  the absorbance change on mixing was virtually instantaneous while it took over 
half an hour to complete at pH 3 with identical concentration of PBA and EDTA. 
The reacted PBA/EDTA can only react slowly with the substrate which explains the 
decrease of the rate constant observed as EDTA is added. The anomalous values of the 
pseudo first order rate constant at zero concentrations of EDTA for reactions involving 
PBA at pHs around pH 7 is ascribed to some metal ion catalysed reaction, but this will 
be discussed in detail in section 3.10, as will the fact that MR appears to undergo two 
first order reactions while MO has only one.
(ii) The repeatability of the results was not as good as in the experiments with PBA.
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A  plot showing the variation of the pseudo first order rate constant with 
additions of EDTA for the reaction between PBA and M O  at pH 6.74 
and 35°C
[PBA] = 0.207 g/100 cm 3 [MO] = 2 x 10~ 6 mo! dm " 3
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Table 3.2 : Experimental data for Fig 3.2
[PBA] = 0.207 g/100 cm 3 [MO] = 2 x 10~ 6 mol dm “ 3
Fig. 3.3 A plot showing the variation of pseudo first order rate constant for the
reaction between MO and PBA at pH 3.31 and 35°C with addition of EDTA
Table 3.3 : Experimental Data for Fig. 3.3
[EDTA] x 103 mol dm - 3 Pseudo 1st Order Rate Constant x 102 (s_1)
0 ■ 1.64
0 - 1 1.61
1 1.44
3 1.03
5 0.65
7 0.43
1 0 0.63
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Fig. 3.4 A first order plot for the reaction of MR with PBA at pH 6.84 and 35°C
[PBA] = 1.2 x 10~2 mol dm-3 [MR] = 3 x 10-6 mol dm-3
Table 3.4 : Experimental Data for Fig. 3.4
Time (mins) - I n (Absorbance at time t - Abs at t = °°)
o 1 . 2 1 1
1 1.444
2 1.743
3 1.995
4 2.235
5 2.442
6 2.577
7 2.703
8 2.797
9 2.882
1 0 2.957
15 3.147
2 0 3.324
25 3.474
30 3.612
60 4.343
90 4.962
1 2 0 5.521
As outlined in section 3.2 the reactions of the dyes M O  and MR with the 
peroxoacids PBA and MPPA were studied at 35°C over a range of pHs and with varying 
concentrations of EDTA. At a given pH the pseudo first order rate constant decreased 
linearly with addition of EDTA. It was thus possible to extrapolate this linear region to 
zero concentration of EDTA. In general the extrapolated value was found to agree with 
the observed value except for reactions involving PBA at certain pHs. Figures 3.5, 3.6 
and 3.7 show rate constant versus pH profiles for the reaction of MO with PBA. Figure
3.5 is a plot of the pseudo first order rate constant observed for zero concentration of 
EDTA against pH. Figure 3.6 is a plot of the pseudo first order rate constant obtained 
by extrapolation to zero concentration of EDTA against pH. Figure 3.7 is a plot of the 
difference between the two rate constants against pH. Figures 3.6 and 3.7 show typical 
"beli-shaped" profiles and the form of figure 3.5 made by addition of these two profiles 
should be compared with figure 3.1 which was obtained by Interox for the reaction of 
MO with peroxoacetic acid. It will be seen that both plots show a "hump" in the region 
of pH 7.
In a similar manner figures 3.8, 3.9 and 3.10 show the profiles for the reaction 
of PBA with MR where only the larger of the two rate constants was measured.
Figure 3.11 shows the rate constant versus pH profile for the reaction of MO 
with MPPA- In this case there was never any significant difference between the observed 
and extrapolated values of the rate constants.
In a like manner figure 3.12 shows the profile obtained for the reaction of 
MPPA with MR, again it is only the first rate constant of MR that has been measured.
In general terms the profiles indicate that the maximim rate of reaction is 
between the indicator in the anionic form and the unionized peroxoacid. They are 
discussed in greater detail in section 3.10.
3.3 Rate versus pH profiles for the reactions of methyl orange and methyl red
with the peroxoacids.
3.5 A plot of the observed pseudo first order rate constant against pH for the 
reaction of MO with PBA at 35°C and zero concentration of EDTA
[PBA] « 0.207 g/100 cm 3 [MO] = 2 x  10' 6 mol dm " 3
Table 3.5 : Experimental Data for Fig. 3.5
pH Observed Rate Constant x 10s (s“‘)
1.03 0.04
1.98 0.20
2.97 1.26
3.31 1.64
3.97 2.73
4.10 2.70
4.30 3.08
4.54 3.47
4.70 3.36
4.90 3.32
5.10 3.50
5.30 3.49
5.50 3.71
5.64 3.11
5.70 3.32
5.90 3,47
6.00 3.72
6.74 4.30
7.49 3.00
7,76 4.20
8.88 1.90
10.20 0.09
[PBA] = 0.207 g/100 cm 3 [MO] = 2 x 10- 6  mol dm “ 3
Fig. 3.6 A plot of the variation of the extrapolated value of the pseudo first order
rate constant for zero concentration of EDTA for the reaction between MO
and PBA at 35°C
Table 3.6 : Experimental Data for Fig. 3.6
pH Extrapolated Rate Constant x 102 (s l)
1.03 0.04
1.98 0 . 2 0
2.97 1.26
3.31 1.64
3.97 2.73
4.10 2.70
4.30 ; 3.08 - 1
4.54 3.47
4.70 3.36
4.90 3.32
5.10 3.50
5.30 3.49
5.50 3.71
5.64 3.07
5.70 3.32
5.90 3.47
6 . 0 0 3.47
6.74 3.09
7.49 2,58
7.76 2 . 1 0
8 . 8 8 0.13
1 0 . 2 0 0.06
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Fig. 3.7 A plot of the difference between the observed and extrapolated rate 
constants for zero concentration of EDTA against pH for the reaction 
between PBA and M O  at 35°C
[PBA] = 0.207 g/100 cm 3 [MO] = 2 x 10~ 6 mol dm " 3
Icn
Table 3.7 : Data for Fig. 3.7
pH Difference between Rate Constants
4.1 0 . 0 0  x 1 0 ~ 2 s" 1
5.64 0.04 x 10“ 2 s" 1
6 . 0 0 0.25 x 10" 2 s" 1
6.74 1 . 2 1  x 1 0 ~ 2 s- 1
7.49 0.42 x 10“ 2 s- 1
7.76 2 . 1 0  x 1 0 - 2  s" 1
8 . 8 8 1.77 x 10" 2 s- 1
1 0 . 2 0 0.03 x 10‘ 2 s_ 1
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Fig. 3.8 The variation of the observed pseudo first order rate constant with pH for 
the reaction between M R  and PBA at 35°C and zero concentration of EDTA
[PBA] = 0.207 g/100 cm 3 [MR] = 4 x 10 6 mol dm " 3
Table 3.8 : Experimental Data for Fig 3.8
pH Observed Rate Constant x 102 (s1)
1.15 0 . 0 2
2.08 0.07
3.31 0.28
3.83 0.57
4.99 2.89
5.99 4.70
7.22 4.50
7.68 3.40
9.02 0 . 1 2
9.65 0.04
Ii
.3.9 The variation of the rate constant obtained by extrapolation to zero 
concentration of EDTA for the reaction between PBA and MR at 35°C
[PBA] = 0.207 g/100 cm 3 [MR] M x  10" 6 mol dm " 3
Table 3.9 : Experimental Data for Fig. 3.9
pH Extrapolated Value for Rate Constant
1.15 0 . 0 2  x 1 0 “ 2 s" 1
2.08 0 . 1 1  x 1 0 " 2 s" 1
3.31 0.30 x 10- 2  s_ 1
3.83 0.49 x 10“ 2 s_1
4.99 2.72 x 10' 2 s' 1
5.99 3.73 x 10" 2 s" 1
7.22 3.75 x 10' 2 s" 1
7.68 2 . 0 0  x 1 0 “ 2 s" 1
9.02 0 . 1 1  x 1 0 " 2 s" 1
9.65 0.05 x 10 2 s" 1
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Fig. 3.10 A plot of the difference between the observed and extrapolated rate 
constants for the reaction of M R  with PBA at 35°C
[PBA] = 0.207 g/100 cm 3 [MR] M x  10" 6 mol dm - 3
Table 3.10 : Experimental Data for Fig. 3.10
pH Difference between Rate Constants x 102 (s-1)
1.15 0
2.08 0
3.31 0
3.83 0.08
4.99 0.17
5.99 0.97
7.22 0.75
7.68 1.40
9.02 0 . 0 1
9.65 0
Where difference was negative it was recorded as 0
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[MPPA] = 1.5 x 10“ 2 mol dm - 3  [MO] = 2 x 10“ 6 mol dm - 3
Fig. 3.11 A plot showing the variation of pseudo first order rate constant extrapolated
to zero concentration of EDTA for the reaction of MO with MPPA at 35°C
pH
Table 3.11 : Experimental Data for Fig. 3.11
pH Extrapolated Rate Constant x IQ1 (s'1)
1.06 0.13
1.25 0.27
2,01 1.20
2.44 2.71
2.50 2.98
2.89 3.25
2.97 4.42
3.10 5.40
3.60 4.96
4.06 4.17
5.02 3.44
5.02 3.18
6.09 3.42
6.18 3.88 ,
7.00 3.36
7.03 3.44
8.03 1.92
9.08 0.18
10.02 0.06
12.32 0.03
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[MPPA] = 1.5 x 10" 2 mol dm - 3  [MR] = 4 x 10" 6 mol dm " 3
Fig. 3.12 A plot showing the variation of the pseudo first order rate constant
extrapolated to zero concentration of EDTA for the reaction of MR with
MPPA at 35°C i
Table 3.12 : Experimental Data for Fig. 3.12
pH Extrapolated Rate Constant x 1Q2 (s-1)
1.70 0 . 2 2
2.91 1.08
3.62 0.99
4.34 1.40
5,41 2.50
6,34 5.20
6.59 5.20
7.15 3.50
8.06 1.70
8.87 0.44
The fact that such good pseudo first order plots were obtained (e.g. Fig. 3.13) 
show that this reaction is first order with respect to the concentration of MO. When 
the concentration of PBA was reduced and varied between 0.81 x 10- 4  and 6.49 x 10" 4  
mol dm - 3  .it was found that the pseudo first order rate constant at pH 7 was directly 
proportional to the PBA concentration (Fig. 3.14). Furthermore, it was found, by use 
of iodometric titrimetry that 1.48 ± 0.05 x 10” 4 moles of PBA reacted with 1.31 x 10~ 4 
moles of MO. This gives a stoichiometry for the reaction of 1.10-1.17 to 1.00 for the 
reaction of PBA with MO. On the basis of this evidence it was concluded that the 
rate law was of the form,
-d[MOj k[MO] [PBA] 
dt
and that the stoichiometry of the reaction was 1:1. The difference from this ratio 
observed in the titration experiments was ascribed to decomposition of the PBA, as was 
the fact that the linearity of figure 3.14 was not as good as would be expected from the 
linearity of the first order plots. " ,
3.4 The stoichiometry and rate law of the reaction of peroxobenzoic acid with
methyl orange.
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Fig. 3.13 A plot of the negative logarithm of the absorbance at time t minus the
absorbance at "infinite time" against time for the reaction of PBA with MO
and 35°C and pH 5.64 and zero concentration of EDTA
[PBA] « 0.207 g/100 cm' [MO] s 2 x 10 6 mol dm 3
Pseudo 1st Order Rate Constant 
= 3.07 x 1CT2 s_1
Table 3.13 : Experimental Data for Fig. 3.13
Time (secs) Absorbance
- In (Absorbance at t - 
Abs at t -  «)
0 0.117 2.397
S 0.104 2.551
10 0.093 2.703
15 0.084 2.847
20 0.076 2.996
25 0.068 3.170
30 0.062 3.324
35 0.057 3.474
40 0.053 3.612
45 0.049 3.772
0.026
30 35
T
40 45
Time (secs)
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Fig. 3.14 A plot of the variation of the pseudo first order rate constant with 
concentration of PBA at pH 7 and 35°C and zero concentration of EDTA
[MO] = 2 x 10" 6 mol dm - 3
Table 3.14 : Experimental Data for Fig. 3.14
[PBA] x 104 mol dm 3) Pseudo 1st Order Rate Constant x 104 (s“x)
0.81 4.9
1.62 6 . 2
1 1.62 13.0
3.25 24.0
6.49 40.0
The temperature was varied in five degree increments from 15°C to a maximum 
of 60°C. The pHs of the solutions were adjusted to a value in the "plateau region" of the 
rate constant versus pH profiles. The solutions were also made 10 4 molar with respect 
to EDTA to prevent any interference from the metal ion catalysed reaction. Figures 
3.15 to 3.18 show plots of the logarithm of the pseudo first order rate constants! x 102 
against the reciprocal of the absolute temperature. For experiments involving MO the 
reaction was allowed to run to infinity whereas the experiments involving MR were 
stopped after about two half lives and the results treated by the Guggenheim method 
to obtain values for the rate constant for the first part of the reaction. It was found that 
MPPA decomposed far more rapidly than PBA under the reaction conditions and 
consequently the plots involving MPPA are not as linear as those involving PBA.
From transition state theory one can obtain the following equations:—
d (In k) _ E'a 
dT RT2
AH*- = Ea - RT :
-A H *,
k = kT e R e RT
h ] ; . :
where k is the rate constant, k is Boltzmann's constant and h is Planck's constant. 
The results obtained from the Arrheinius plots and using these equations are summarized 
in table 3.19. The quoted errors in the activation parameters are estimated from the 
linearity of the respective Arrhenius plot. Since the change in activation parameter 
observed with change of substrate or peroxoacid is additive within the limits of 
experimental error this is a strong indication that the reaction occurs by the same 
mechanism in each case. For example, on changing the substrate from MO to MR one 
finds that the activation entropy changes by 20-25 J mof 1 k_ 1 whether PBA or MPPA is 
considered as the attacking peroxoacid. Similar relationships hold for the activation 
energy, and for changes in attacking peroxoacid, again a similar effect is observed. The 
results are discussed in more detail in section 3.10.
3.5 The temperature dependence of the rates of reaction.
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Fig. 3.15 An Arrhenius plot for the reaction of MO with PBA with an EDTA 
concentration of 1 0  4 mol dm " 3
[PBA] = 0.207 g/100 cm 3 [MO] = 2 x 10~ 6 mol dm “ 3
2 .8 - i
^Absolute Temp. (K"‘)
Table 3.15 : Experimental Data for Fig. 3.15
A b so lu te  T em p era tu re  (k)
1 In  (1st O rd e r R ate  
C o n stan t x  10a)A b so lu te  T em p era tu re  ( k '1)
2 8 8 0 .0 0 3 4 7 0 .1 1 3
2 9 3 0 .0 0 3 4 1 0 .4 0 9
2 9 8 0 .0 0 3 3 6 0 .7 1 8
3 0 3 0 .0 0 3 3 0 1.107
3 0 8 0 .0 0 3 2 5 1.272
3 1 3 0 .0 0 3 1 9 1.659
3 1 8 0 .0 0 3 1 4 1.893
3 2 3 0 .0 0 3 1 0 2 .1 7 6
3 2 8 0 .0 0 3 0 5 2 .4 6 2
3 3 3 0 .0 0 3 0 0 2 .6 9 0
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[MPPA] = 1 .5  x 10~2 mol dm"3 [MO] -  2 x 10“6 mol dm"3
Fig. 3.16 An Arrhenius plot for the reaction of MO with MPPA with an EDTA
concentration of 10~4 mol dm-3
Table 3.16 : Experimental Data for Fig. 3.16
Absolute Temperature (k) 1 ■ ■ . In (1st Order Rate Constant x 102)Absolute Temperature (k-1)
288 0.00347 0.321
293 0.00341 0.531
298 0.00336 0.786 ‘
' 303 0.00330 1.024
308. 0.00325 1.227
313 0.00319 1.171
318 0.00314 1.500
323 0.00310 1.682
328 0.00305 1.511
333 0.00300 1.073
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[PBA] = 0.207 g/100 cm3 [MR] = 4 x 10'6 mol dm-3
Fig. 3.17 An Arrhenius plot for the reaction of MR with PBA and EDTA
concentration of 10-4 mol dm-3
Table 3.17 : Experimental Data for Fig. 3.17
Absolute Temperature (k)
. 1 In (1st Order Rate 
Constant x. 10J)Absolute Temperature (k"1)
288 - - 0.00347 0.599
293 0.00341 1.078
298 0.00336 1.348
303 0.00330 1.647
308 0.00325 1.813
313 0.00319 2.122
318 0.00314 2.273
323 0.00310 2.531
328 0.00305 2.685
333 0.00300 2.816
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[MPPA] -  1.5 x 1CT2 mol dm-3 [MR] = 4 x 10-6 mol dm"3
Fig. 3.18 An Arrhenius plot for the reaction of MR with MPPA and EDTA
concentration of 10“4 mol dm-3 -
Tsbla 3.18 : Experimental Data for Fig. 3.18
Absolute Temperature (k) 1 In (1st Order Rate 
Constant x 101)Absolute Temperature (k-1)
288 0,00347 0.833
293 0.00341 0.663
298 0.00336 1.099
303 . 0.00330 1.303
308 0.00325 1.493
313 0.00319 1.456
318 0.00314 2.079
323 0.00310 2.003
. 328 0.00305 2.003
333 0.00300 2.120
Table 3.19 A summary of the activation parameters derived from the plots shown in 
Figs. 3 .1 5 -3 .1 8
PBA MPPA
Ea = 46.3 kJ mol"1 E. = 34 kJ mol”1A
MO AS+ = -95.4 J mol"1 K_1 a s *  = - 133.5 J mol"1 K"1
Error = ± 1,% Error = ± 1%
Ea = 37.4 kJ mol-1 EA 26.1 kJm ol-1
MR AS* = -116 J m o f1 K 1 a s ^ = -158 J mol-1 K_1
Error = ± 4% Error = ± 6%
3.6 Substituent effects and a Hammett plot for the reaction of peroxobenzoic 
acid with methyl orange.
The rates of reaction of MO with para-methoxyperoxobenzoic acid, 
peroxobenzoic acid and para-chloroperoxobenzoic acid were measured at 35°C and 
pH 5.3 for solutions that were 1.5 x 10"2 molar with respect to peroxoacid,TO-4 molar 
with respect to EDTA, and 2 x 1 CT6 molar with respect to MO.
A plot o f logl0 (Pseudo first order rate constant x 102) against the pKa's of the 
peroxoacids is given in figure 3.19. Although three points are too few for a Hammett 
plot it does indicate that p is positive and less than unity. From this it follows that 
the reaction is facilitated by electron withdrawing substituents and is less susceptible 
to the polar effect of the solvent than is the ionization o f the peroxoacids i.e. the 
transition state of the reaction involves a smaller degree of charge separation.
Fig. 3.19 A Hammett plot for the reaction of peroxoacids with MO
Table 3.20 : Data for Fig. 3.19
Acid Davies value for pKa pK value from literature
lo9io <Rate , 
Constant x 10 )
Cl - Ph - C03 H 7.60 7.60 0.530
H - Ph - C03 H 7.64 7,78 0.534
Meo - Ph - C03 H 7.94 8.07 0.241
3.7 An investigation of salt effects on the reaction of methyl orange and methyl 
red with peroxobenzoic acid and monoperoxophthalic acid.
The rate constants were measured for solutions that were made up in a 0.1 molar 
phosphate buffer with EDTA present to an extent of 10"4 mol dm-3. In all cases no 
change was observed in the value of the rate constant when sodium perchlorate was 
added to a maximum extent of 0.2 mol dm-3. Additions of this quantity of salt 
increased the ionic strength of the medium by over 50%.
3.8 Investigation of the reaction product formed by the reaction of methyl orange 
with peroxobenzoic acid.
In order to help elucidate the mechanism of the reaction of the peroxoacids with 
MO and MR an attempt was made to find the structure of the reaction product for the 
reaction between PBA and MO.
Initially, successive UV scans of the spectrum between 260 and 540 nm were 
made for a solution of reacting MO and PBA. The starting concentrations were
1.5 x 10“3 mol dm-3 for PBA and 2 x 10~4 mol dm-3 of MO. The temperature was 
35°C and the pH was 4.0. The time between the scans was three minutes. The 
absorbance was observed to fall at 275 and 470 nm and to increase at 319 nm. Isobestic 
points were observed at 280 and 360 nm. The fall in absorbance at 275 nm was ascribed 
to PBA being reduced to benzoic acid, the fall at 470 nm to methyl orange being 
oxidized and the increase at 319 nm to the formation of the reaction product. The scans 
obtained are shown in figure 3.20.
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Fig. 3.20 Successive UV for the Reaction of MO with PBA at 35°C
W a ve le n g th  (n m )
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A sample of the reaction product was then obtained by means of the following 
procedure. 0.319 g of MO were reacted with 0.215 g of PBA in 200 cm3 of acetate 
buffer solution (pH 4.01) at 35°C. After 12 hours of reaction the solids were separated 
from the solvents by freeze drying. The solids were then shaken with an aqueous 
solution of HCi which was also removed by freeze drying. All the organic compounds 
were extracted in ether and in ethanol and the recrystaliized solids were purified by 
preparative T.L.C. In the T.L.C. two coloured bands were observed. One of these was 
identified as being due to MO. The other, which on a silica gel column with ethanol as 
the eluent, had a longer retention time than MO was coloured pale yellow and did not 
appear to possess any indicator properties. This pale yellow compound was extracted by 
ethanol and freeze dried. The resultant pale orange solid was now found to possess 
indicator properties and T.L.C. gave a resolution into two spots, one of which was 
identified as MO. An i.r. spectrum of the impure product was taken and revealed the 
following absorbances.
Wavelength (cm~l ) Structural Implication
1585, 1490 Aromaticity present
1570 Consistent with - N = N -  being present
©
860, 845, 820 Suggests p - disubstitution
1370, 1170 -S 0 2- 0 -  present
3040 H bonded OH
1300 OH bonding
A mass spectrum of the impure product gave a maximum m/e peak identical to 
that for MO.
The conclusion from this evidence was that the reaction product was an azoxy 
compound and the reasons for this conclusion are discussed in section 3.10. 
Furthermore, from the evidence o f the T.L.C. experiments it is evident that the reaction 
product easily reverts to MO.
3.9 Metal ion and benzoic acid catalysis of the reaction between methyl orange 
and peroxobenzoic acid.
The change in the pseudo first order rate constant was measured for various 
solutions at pH 6.6, temperature 35°C, PBA concentration 1.0 x 10-2 mol dm-3, MO 
concentration 2 x 10“6 mol dm-3. It was found that the rate of reaction varied as shown 
in the table below for various additions to the reaction solution.
Table 3.21
Type of Addition 
1CT4 molar EDTA 
10~5 molar Fe3+ 
10“5 molar Cu2+ 
10_s molar Cr3+
2 1
Pseudo 1st order rate constant x 10 (s )
2.47
2.73
2.97
3.01
Addition of benzoic acid, to an extent o f 10~4 mol dm"3, had no effect on the 
rate or reaction. This is in direct contact to the catalysis found by Badger (1953) for 
reaction in benzene solution.
3.10 A  postulated mechanism for the oxidation of methyl orange and methyl red
by peroxobenzoic acid and monoperoxophthalic acid.
Section 3.4 presents the evidence for the stoichiometry of the reaction between 
MO and PBA being 1:1 and shows that the rate law is of the form,
-  d[MO] = k [MO] [PBA] 
dt
Section 3.8 describes the preparation and structural investigation o f the 
oxidation product of the MO/PBA reaction. As outlined in section 3.1 the literature 
contains studies o f the reaction of PBA with azobenzenes and o f the reaction of Caro's 
acid with dimethylanilines. MO and MR both possess a dimethylamino group and an azo 
group so there are two possibilities for the site of reaction. The rate versus pH profiles 
show that the greatest rate of reaction is between the dye anion and the unionized 
peroxoacid. This suggests that the reaction consists of an electrophilic attack by the 
peroxoacid on the dye anion and is consistent with attack on either the amino or the 
azo group, Although there is no single conclusive item of evidence the bulk of it points 
towards the azoxo compounds being the likely reaction products. Firstly, the colours 
of MO and MR are bleached to a very large extent showing that the chromophore is 
broken up. Formation of the azoxo compounds would do this while formation o f the 
amine oxides would not break up the conjugation. Secondly, the i.r. spectrum of the 
impure product for the reaction o f PBA with MO showed a peak at 1570 cm-1. This is 
typical for the absorption of azoxo componds. Finally, consideration o f the activation 
parameters revealed that the activation energy decreased as one changed from MO to 
MR but that the entropy o f activation became more negative. This suggests that the MR 
anion is more nucleophilic than that of MO but that the reaction centre is more 
sterically demanding for MR than for MO. Again, this is easily explicable in terms o f a 
reaction at the azo linkage but would not be so for reaction at the amino group.
The large negative values of the activation entropy indicate a very high degree 
o f order in the transition state. This kind of observation has been made by other 
workers, e.g. Edwards (1962, 1963), and has been attributed to the participation o f a
solvent molecule in the transition state. The solvent molecule is used to prevent or 
minimise charge build up by means of proton transfers e.g.
o r' . o r'# ■ \ %© R-C -N  r -c  n\  r*o w —^ 0 0©VN
Ik \  N l \  ,
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This lack of charge build up means that salt effects are not likely to be observed and 
that the susceptibility o f the reaction to the polar nature of the solvent will be less than 
for the ionization of the peroxoacids, that is, the slope of the Hammett plot will be less 
than unity, which is exactly what has been found to hold in this study.
Badger's work (1953) on the oxidation of azobenzenes by PBA in benzene 
showed that the reaction was catalysed by benzoic acid but a similar effect was not 
observed in these studies. A possible explanation is that, since benzene does not have 
any easily exchangeable protons, solvent involvement in the transition state is not 
possible. Benzoic acid does have an exchangeable proton and can therefore participate in 
the transition state thus lowering the activation energy and catalysing" the reaction.
The plots of the differences between the observed rate constants for zero 
concentration o f EDTA and the rate constants found by extrapolation to zero 
concentration of EDTA against the pH showed that, only for reactions with PBA, and 
then only at pHs around about 7, was there any discrepancy. This difference was 
ascribed to the involvement of a one electron, radical type of mechanism which is 
catalysed by metal ions. The pH dependence was explained by a mechanism which has 
an acid dependent step and a base dependent step. Consequently the maximum rate will 
be at a pH close to neutrality. A possible mechanism in accordance with the ideas of 
Bateman (1954) and Cates (1976) would be;
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RC03H + M ^ " 1** + H+ -> H20  + RC02 * + Mn+
RC03H + Mn+ + OH" -+ H20  + RC03 - + M<n“ l)+
It should be noted that (ii) can be written as;
RC03" + Mn+ -+ RC03 • + M(n" l)+
In this suggested mechanism it is thought that RC03. is the active bleaching agent and is 
created in the second step. RC02. is thought to degrade without causing any significant
bleaching. The first step in the degradation would be;
RC02 - -> R* + C02
Step (i) generates an oxidized metal ion from the normal, , ion. The oxidized
metal ion reacts with the peroxoacid anion to form the peroxoacid radical and 
regenerate the M^n“ V^ + ion. The overall rate of bleaching w ill therefore be a maximum at 
the pH at which step (i) and step (ii) proceed at equal rates and this will, in turn, depend 
upon the values of the rate constants. As mentioned in section 1.B.5 the rate constant 
for step (ii) is smaller than for step (i) so that the pH for maximum reaction will tend to 
be on the basic side of pH 7.
To summarize then, all the experimental evidence points towards the reaction 
taking place between the dye anion and the unionized peroxoacid, and consisting of an 
electrophilic attack on the azo linkage to form the azoxy compound. When PBA is 
involved the reaction is complicated around pH 7 due to the participation of the radical 
mechanism discussed above. The last part of this discussion contrasts the behaviour 
observed for reactions with PBA with those involving MPPA.
There were three main differences observed. Firstly, the scatter of results for 
both the rate versus pH profiles and for the Arrhenius plots was greater in the cases 
involving MPPA than for those with PBA. Secondly, the form of the rate versus pH 
profiles was not explicable solely by relating changes in the rate with the presence or 
absence of certain species caused by the ionization of dye or peroxoacid in the case of 
reactions involving MPPA. Finally, MPPA reactions showed no trace of an EDTA 
inhibited reaction at any pH.
The greater degree of scatter observed in the rate versus pH profiles and 
Arrhenius plots for the MPPA reactions was explained as being due to the fact that 
MPPA decomposes far more readily than PBA. Indeed, as can be seen from the 
Arrhenius plot for the MPPA/MO reaction, the decomposition is so great at higher
temperatures that, by the time the solution has equilibrated, enough has occurred to 
reduce the observed rate of bleaching considerably. A possible explanation is that the 
carboxylate anion participates in the decomposition,e.g. 
e.g
There are thought to be two reasons why the change in rate with change in pH 
does not coincide with pKgs of the dye and MPPA. On the high pH side the discrepancy 
is thought to be due to the decomposition of MPPA making the concentration lower 
than it should be, This hypothesis was confirmed, in part, by carrying out iodometric 
titrations over the pH range 7 - 9 which revealed that MPPA decomposed several times 
faster than PBA. On the low pH side significant bleaching was observed at a pH equal to 
the pKa of the carboxylic acid group of MPPA. A further increase in rate occurred at the 
pKa of the dye. A possible explanation is that the carboxylate anion forms a loose 
complex with the protonated amino group which allows the peroxoacid group to attack 
the azo group, 
e.g.
Finally, the reason why metal ion catalysis js not observed could well be that 
any metal ions approaching the peroxoacid group will be chelated by the carboxylate 
anion and prevented from undergoing reaction.
Probably the most obvious piece of work that needs to be done is to investigate 
the reaction of EDTA with the peroxoacids. |t is quite important to do this since EDTA 
is present to quite a large extent in washing powder formulations. A preliminary 
investigation of the kinetics and reaction product of the reaction between EDTA and 
PBA was carried out. It showed that the reaction was rapid at pHs above 5 but relatively 
slow at pHs less than 4. The kinetics, as followed spectroscopically were not simple first, 
second or third order and no reaction product could be isolated.
Another important bit of work would be to Investigate the metal ion catalysed 
reactions, particularly since peroxide radicals have often been thought to cause dye and 
fibre damage, and, indeed, Interox found that PBA was far more prone to cause this 
type of damage than MPPA.
Finally, it would be useful to monitor the concentration of the peroxoacids 
during the course of their bleaching reactions. It might be possible to do this 
spectrophotometricaily but the results reported in chaper 2 suggest that this would be 
difficult.
3.11 Suggestions for futher work
CHAPTER IV
T H E  R E A C T I O N S  O F  P E R O X O B E N Z O I C  A N D  
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A N D  A L I Z A R I N
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After the work with MO and MR various other nitrogen containing compounds 
were investigated as possible substrates. Of those investigated, only salicylaldoxime was 
found to react at a measureable rate, while compounds with aromatic nitrogen such as, 
quinoline, 2- and 4- picoline and nicotinic acid did not react with PBA at 35°C over 
a wide range of pHs. The study that was made of the salicylaldoxime systems is reported 
in the next chapter but this chapter concerns itself with the oxidation of two conjugated 
ketones, namely flavone and alizarin.
4.1 Introduction
Flavone Alizarin
Flavone has been mentioned in section 1.A.2 as the generic compound for the 
anthoxanthins, which are compounds closely related to the anthocyanins, which, in 
turn, are one of the main classes of plant pigment. Flavone is a white compound which 
forms colourless solutions in acetone and ethanol and is sparingly soluble in water. It 
has its maximum absorbance at 300 nm which is invariant with changes in pH. i t  is 
known to be hydrolysed by boiling with KOH to give the products shown below. (Finar)
OH
The first step in the hydrolysis is.
Flavone is also known to be perhydrolysed by alkaline hydrogen peroxide but in this 
case the product was a non-separable tar. Bunton and Minkoff (1949) studied the 
reaction of alkaline hydrogen peroxide on simple a. - 0 unsaturated ketones at 0°C and 
obtained the epoxide as product. The HOC0 anion was found to be the active species, 
and, again, attack occurred at the carbon-carbon double bond.
Alizarin is a yellow compound which is used as a spot test reagent. It forms 
yellow solutions in acid, a red solution about pH 9-10, and a purple solution at high pHs 
(Fig. 4.1).
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Fig. 4.1 The Variation of the UV spectrum of Alizarin with changes in pH.
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If the reaction of flavone with peroxdacids is analogous to the hydrolysis of 
flavone by OHe then the likelihood is that several molecules of peroxoacid would be 
required to oxidize one molecule of flavone. Unfortunately, since flavone is relatively 
insoluble in water and only reacts slowly with the peroxoacids in any case, it was not 
experimentally easy to find the stoichiometry of the reaction. However/ since ail the 
evidence from this study points towards the reaction being very similar to that of the 
hydrolysis, it is a fairly safe assumption that several molecules of peroxoacid are 
required to oxidize one molecule o f flavone.
The reaction itself was followed by monitoring the absorbance at 320 nm o f a 
solution which was 1.2 x 10 2 molar with respect to peroxoacid concentration and 
roughly 1.5 x 10“6 molarwith respect to flavone concentration. The type of absorbance 
change observed is shown in Fig. 4.2. It can be seen that the absorbance versus time plot 
consists of a curved and a linear portion. |f  one extrapolates the linear portion as shown 
and takes the absorbance reading at which the curve diverges from the line as an infinity 
value then one can obtain a good first order plot for the first couple of half lives of the 
reaction (Fig. 4.3.) Alternatively, a Guggenheim treatment of the first 70-80% of the 
absorbance change gives a value for the rate constant which is in good agreement with 
the rate constant obtained from the first order plot.
When the concentration of PBA was varied it was found that the rate constant 
observed varied in proportion so that it  would appear that the rate law for the first 70% 
or so of the reaction is o f the form,
-d  [Flavone] = k [Flavone] [PBA]
dt ' ; - -v.
4.2 The stoichiometry of the reaction of flavone with peroxobenzoic acid.
but this will be discussed further in section 4.11.
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Table4.1 The change in absorbance with time for a solution at 35°C of PBA
(1.2 x 1Q~2 mol dm"3) and Flavone (1.5 x 10"6 mol dm"3) at pH 9.91 and
EDTA concentration of 10~4 mol dm"3
Time (mins) Absorbance (10 mm cell)
0 0.483
5 0.440
10 0.401
15 0.366
20 0.336
25 0.310
30 0.288
35 0.269
40 0.253
45 0.237
50 0.226
60 0.209
70 0.194
80 0.182
90 0.173
100 0.166
130 0.150
180 0.136
280 0.115
380 0.098
480 0.086
580 0.073
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Fig. 4.2 The fall in absorbance with time for a solution at 35°C of PBA
(1.2 x 10“2 mol dm-3) and Flavone (1.5 x 10~6 mol dm"3) at pH 9.91 and
EDTA concentration of 10"4 mol dm-3
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Fig. 4.3 A first order plot for the absorbance fall shown in Fig. 4.2 using the infinity 
reading estimated in that figure.
Table 4.2 : Experimental Data for Fig. 4.3
Time (mins) -In  (Absorbance -  Infinity)
0 0.986
5 1.109
10 1.234 »-
15 1.363
20 1.487
25 1.609
30 1.726
35 1.839
40 1.944
45 2.064
The absorbance versus time plots for the reactions between flavone and MPPA 
were similar to those outlined in section 4.2 for the reactions between flavone and PBA. 
The pH versus rate constant plots obtained are shown in Figs. 4.4 and 4.5.
It can be seen that the rate of reaction is virtually zero at pH 6, increases to 
some steady value over the pH range 7 to 9 and then, at about pH 11, the rate starts to 
increase again quite dramatically. ,
Since the first increase in rate constant lies squarely upon the peroxoacid pKa 
for the case o f PBA, and very close to it for the case of MPPA, this is thought to imply 
that the peroxoacid anion is the active species as was expected. The reason for the 
discrepancy for the MPPA system is almost certainly due to the rapid decomposition 
and hydrolysis of MPPA. This has the effect of reducing the MPPA concentration and 
consequently the value of the rate constant to a lower value than it should be. Similar 
behaviour was observed in the reactions of MO and MR with MPPA which has been 
commented upon in section 3.10.
The second increase in rate which occurred at about pH 11 was attributed to 
two possible causes. Firstly, it could have been due to the alkaline hydrolysis of flavone 
referred to in section 4.1, and secondly, it could have been due to alkaline perhydrolysis 
by the HOO0 anion. Both of these possibilities were explored and the results are 
reported in the next section.
4.3 pH versus rate constant profiles for the reaction of flavone with peroxobenzoic
and monoperoxophthalic acids.
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Fig. 4.4 A plot showing the variation of rate constant with pH for the reaction
between Flavone and PBA at 35°C
Table 4.3 : The variation of Rate Constant with change in pH 
for the reaction of Flavone with PBA at 35°C
pH Pseudo First Order Rate Constant x 104 (s“l)
6.61 0.34
7.19 0.98
8.30 3.60
8.60 3.63
9.15 4.90
9.70 4.93
9.91 5.01
10.90 4.95
11.50 5.86
12.00 8.12
12.70 14.40
12.73 17.60
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Fig. 4.5 A plot showing the variation of pseudo first order rate constant with change
in pH for the reaction of Flavone with MPPA at 35°C
Table 4.4 : The variation of Rate Constant with change in for 
the reaction o f Flavone with PBA at 35°C
pH Pseudo First Order Rate Constant x 104 (s-1)
6.17 0.025
7.06 0.075
8.78 2.18
9.39 3.48
9.62 3.64
10.17 3.48
11.20 4.28
11.91 7.77
The increase in rate at approximately pH 11 was found to be due to both the 
alkaline hydrolysis and perhydrolysis of flavone. Data for the alkaline hydrolysis are 
given in table 4.5 and are displayed in Fig 4.6. Hydrolysis by itself, however, was 
insufficient to explain the increase in rate observed. Experiments with hydrogen 
peroxide did not give very good first order kinetic plots but did show that the rate was 
many times faster than for an equivalent concentration of peroxoacid. Thus, if only 1 or 
2 % of the peroxoacid underwent hydrolysis to form hydrogen peroxide it would be 
more than sufficient to explain the increase in rate observed. To test this hypothesis 
a 1.2 x 10~2 molar solution of MPPA was thermostatically controlled at 35°C at a pH 
12.52 for a period o f one hour. A 25 cm3 aliquot was taken, acidified, and titrated with
0.05 molar eerie sulphate solution using ferroin as the indicator. The result of this 
titration showed that some 20% of the MPPA had hydrolysed which is ample to explain 
the increase in rate observed.
Fig. 4.6 A plot showing how the logarithm of the rate constant for alkaline 
hydrolysis of Flavone varies with pH
4.4 The hydrolysis and perhydrolysis of flavone.
pH
Table 4.5 : Data for Fig. 4.6
pH Rate Constant for Hydrolysis
log10 (Hydrolysis Rate 
Constant)
11.3 1.8 x 10~6 . -  5.8
12.6 3.3 x 10“5 - 4.5
13.9 2.2 x 10"4 - 3.7
4.5 The effect of additions of ethylenediaminetetraacetic acid and variation of 
temperature upon the flavone/peroxoacid reactions.
Small additions of EDTA did not significantly affect the value o f the rate 
constant at any pH so there was no evidence for a metal ion catalysed reaction. Large 
additions o f EDTA slowed down the reaction considerably.
Arrhenius plots for the reaction o f flavone with PBA and MPPA at pHs 10.7 and
9.6 respectively are shown in Figs. 4.7 and 4.8. They are good straight lines and the 
activation parameters calculated from the results are given in table 4.8. The activation 
energy for the reaction of MPPA is greater than that for PBA but its entropy of 
activation is rather less negative. This is in direct contrast to what was found to hold for 
the reaction of PBA and MPPA with MO and MR and will be discussed in section 4.11.
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Fig. 4.7 An Arrhenius plot for the reaction of Flavone and PBA at pH 10.7
Table 4.6 : Data for Fig 4.7
Temp °C
1 In (Pseudo 1st Order 
Rate Constant x 104)Absolute Temperature
20 0.00341 1.054
30 0.00330 1.591
35 0.00325 1.716
40 0.00319 2.104
45 0.00314 2.308
50 0.00310 2.448
0.
00
34
0
Fig. 4.8 An Arrhenius plot for the reaction of Flavone with MPPA
Table 4.7 : Data for Fig. 4.8
Temp °C
1
Absolute Temperature (IC1)
In (Pseudo 1st Order 
Rate Constant x 104)
15 0.00347 -0.094
20 0.00341 0.239
25 0.00336 0.470
30 0.00330 1.004
35 0.00325 1.292
Table 4.8 Activation parameters for the reactions of PBA and MPPA with Flavone 
and Alizarin
Flavone Alizarin
PBA
Ea = 37.9 kJ mol-1 
AS*= -156 J mol"1 k"1
Ea = 29 kJ mol"1 
a s *  = -148 J mol” 1 k"1
MPPA
EA = 54.3 kJ mol"1 
AS* = -107 J mol"1 k"1
Ea = 55 kJ m o f1 
AS* = - 49 J m o f1 k"1
A solution was made of 1.104 g of PBA (4 x 10~2 mol dm-3) and 0.0372 g of 
EDTA (5 x 10~4 mol dm"3) in 200 cm3 of a carbonate buffer. 100 cm3 of the resulting 
solution was taken and 0.0240 g of alizarin were added to it (10~3 mol dm"3). 1 cm3 
aliquots were taken from this solution and were titrated iodometrically as were 1 cm3 
aliquots from the 100 cm3 of solution remaining. The results are given in table 4.9 and 
displayed in Fig. 4.9. From the difference in the titres after 240 minutes the amount of 
PBA that had reacted with the alizarin and the stoichiometry of the reaction were 
calculated. It was found that one mole of alizarin reacted with approximately 18 moles 
of PBA.
Fig. 4.9 A plot showing the titres recorded at various time intervals for 1 cm3 
aliquots of the solutions described in section 4.6. The sodium thiosulphate 
solution used in the titrations was 7.5 x 10-3 mol dm"3
4.6 The stoichiometry of the reaction of alizarin with peroxobenzoic acid.
Table 4.9 : Data for Fig. 4-9
Solution without Alizarin Solution with Alizarin
Time
(mins)
Titre of Thiosulphate 
Solution (cm3)
Time
(mins)
Titre of Thiosulphate 
Solution (cm3)
0 8.9 0 8.9
25 8.7 ; 30 6.6
55 8.3 60 4.8
235 7.1 240 2.2
The pH versus pseudo first order rate constants are shown in Figs 4.10 and 4.11. 
The maximum rate o f reaction, in both cases, occurs in the pH range 8-9 but there is a 
very large degree of scatter in the results. The plots obtained w ill be discussed further in 
section 4.11, and, in particular, the "shoulder" which shows on the high pH side of the 
profile shown in Fig. 4.11, that is, for the reaction of MPPA with alizarin.
4.7 pH versus rate constant profiles for the reactions of alizarin with peroxobenzoic
and monoperoxophthalic acids.
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Fig. 4,10 A pH versus pseudo first order rate constant plot for the reaction of PBA 
with Alizarin at 35°C 
[PBA] = 1.5 x 10“2 mol dm-3, [Alizarin] = 10“s mol dm"3
240*1
230-
pH
Table 4.10 : Data for Fig. 4.10
pH Pseudo First Order Rate Constant X 104 (s'1)
2.4 1.2
5.7 29.5
6.2 19.3
8.3 191.9
8.6 223.1
9.8 208.3
9.9 102.0
10.6 85.9
12.3 58.0
13.1 9.5
13.2 26.3
14.1 1.4
-98-
Fig. 4.11 A pH versus rate constant profile for the reaction of MPPA with Alizarin
at 35°C
[MPPA] = 1.5 x 1CT2 mol dm-3 [Alizarin] = 10“5 mo! dm"3
Table 4.11 : Data for Fig. 4.11
pH Pseudo First Order Rate Constant x 104 (s~')
6.7 25.1
7.1 38.0
7.8 62.8
8.0 80.3
8.1 74.3
8.1 89.6
9.0 70.0
10.6 35.8
12.4 7.0
13.4 1.8
The effects of additions of EDTA on the reaction of alizarin with PBA and with 
MPPA at about pH 9 are shown in Figs. 4.12 and 4.13. The behaviour o f the reaction 
with MPPA is analogous to the behaviour observed for the reaction of PBA with MO or 
MR, that is, addition of a small amount of EDTA caused a sharp drop in the rate, 
further additions caused the rate to fall linearly until EDTA was present in an amount 
equal to half that of the peroxoacid. The behaviour of the PBA system, however, was 
different from what had been observed before. Small additions of EDTA again caused 
a very sharp decrease in the rate but further additions did not cause a linear fall in the 
rate, but rather, a curve was observed. When an amount of EDTA equal to half the 
amount o f PBA had been added there was, again, no reaction observed. This behaviour 
will be discussed in section 4.11.
4.8 The effect of additions of ethylenediaminetetraacetic acid upon the alizarin/
peroxoacid reactions.
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Fig.4.12 The effect of EDTA additions on the reaction between Alizarin and PBA
at 35°C and pH 9.14 -  9.26
Table 4.12 : Data for Fig. 4.12
Pseudo 1st Order Rate 
Constant (s_1) PH
[e d t a ]3
mol dm 3
3.6 x 10“ 3 9.26 0
1.4 x 10“ 3 9.22 2.9 x 10~4
0.8 x 10"3 9.14 2.0 x 10“ 3
Ps
eu
do
. 1
st 
Or
de
r 
Ra
te 
Co
ns
ta
nt
 
x 
10 
(s
-101 -
Fig. 4.13 The effect of EDTA additions on the reaction between MPPA and Alizarin
at 35°C and pH 9.00
Table 4.13 : Data for Fig. 4.13
pH [e d t a ]3mol dm
Pseudo 1st Order Rate 
Constant
9.00 0 . 7.0 x 102 s"1
9.00 0.1 2.8 x 102 s~\
9.00 1.1 2.4 x 102 s_1
9.00 6.1 0.0 x 102 s"1
The reactions of alizarin with PBA and with MPPA were studied over a range of 
temperatures in solutions that were 10-4 molar with respect to EDTA concentration and
1.5 x 1CT2 molar with respect to peroxoacid concentration. The Arrhenius plot for the 
reactions with MPPA (Fig. 4.15) is quite a good straight line while that for PBA (Fig. 
4.14) shows a very large degree of scatter. This is not too surprising in view of the results; 
reported in section 4.8, that is, the large effect on the rate o f reaction of alizarin with 
PBA that small additions of EDTA can cause. The significance of these results w ill be 
discussed in section 4.11.
4.9 The effect of variation of temperature upon the alizarin/peroxoacid reactions.
Fig. 4.14 An Arrhenius plot for the reaction of Alizarin with PBA with EDTA present
to an extent of 10-4 mol dm“3
Table 4.14 : Data for Fig. 4.14
Temp °C
1
Rate Constant x 104 In {Rate Constant x 104)Absolute Temperature
15 0.00347 59.6 4.088
20 0.00341 65.9 4.188
25 0,00336 58.2 4.064
30 0.00330 75.8 4.328
35 0.00325 92.6 4.528
40 0.00319 113.7 4.734
45 0.00314 192.7 5.261
50 0.00310 106.4 4.667
55 0.00305 294.4 5.685
60 0.00300 263.4 5.574
Fig. 4.15 An Arrhenius plot for the reaction of Alizarin with MPPA in the presence of
10 ' molar EDTA
Table 4.14 : Data for Fig. 4.15
Temp °C
1
Rate Constant x 104
In (Rate Constant 
x 104)Absolute Temperate (k-1)
15 0.00347 6.1 1.808
20 0,00341 9.5 2.251
25 0.00336 14.5 2.674
30 0.00330 18.6 2.923
35 0.00325 27.4 3.311
No single product was isolated in either case but a "ta rry" product was produced 
in both cases. The alizarin "ta r" was coloured dark red and the flavone product a light 
yellow. An i.r. spectrum of the alizarin product showed peaks which are indicative of 
the following functional groups; 0  H
o  n \  /
- O H . Q Q  quinoid, C - 0 , - C - 0 - C =  C - , tron*
H
There were also indications that the product had an aromatic nucleus. An i.r. spectrum
of the flavone product showed little beyond an aromatic nucleus and a
functional group. ^ 0 —
A mass spectrum of the alizarin product revealed significant m/e peaks at 178, 
104 and 97.
4.10 Investigation of the products of the flavone and alizarin reactions.
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4.11 Discussion.
From the types of absorbance against time plots obtained for the reactions of 
alizarin and flavone with PBA and MPPA it was apparent, from the outset, that the 
kinetics were not simple. The type of plot obtained is shown in Fig. 4.3 and for the first 
couple of half-lives quite good pseudo first order plots can be obtained, either by a 
Guggenheim treatment or by estimating an infinity reading as outlined in section 4.2. 
The values for the rate constants obtained by these methods agree well with each other. 
The explanation for this behaviour is that the initial attack o f the substrate by the 
peroxoacid so disrupts the chromophore that subsequent attack results in relatively little 
further decrease in absorbance.
The structures of flavone and alizarin are similar in many respects.
Flavone
The part of the chromophore outlined is common to both molecules so that it would 
not be surprising if both molecules reacted similarly with peroxoacids. In fact, while 
flavone shows no sign of a metal ion catalysed reaction, that is, a very marked decrease 
in rate is not observed for small additions of EDTA, the reverse is true for the reaction 
of alizarin with peroxoacids. Considering firstly, the reactions of flavone with the 
peroxoacids, it is observed that; the rate increases sharply at the pKa of the peroxoacids 
(- pH 8), is fairly constant over the pH range 9-10, then increases sharply again at about 
pH 11. The increase in rate at pH 11 has been ascribed, principally, to attack by the 
perhydroxy anion, with a contributory factor due to attack by the hydroxy anion 
(section 4.4). Thus, it would seem that the remainder of the reaction can be accounted 
for in terms of attack by the peroxoacid anion. This is in agreement with the work by 
Bunton and Minkoff (1949, section 4.1) and the known hydrolysis of flavone reported 
in Finar. In accordance with these workers findings the first step in the reaction would 
be;
The intermediate I  would have a smaller absorbance at longer wavelengths than flavone 
due to the break up of conjugation. It would undergo further rapid attack by 
peroxoacids to give further oxidation products. The Arrhenius plots for the flavone 
reactions showed that the reaction with PBA has a lower activation energy but a far 
more negative entropy of activation than does the reaction with MPPA. The difference 
in activation energy is explained by the fact that MPPA is a weaker nucleophile than 
PBA. This ties in with the work reported in chapter 3 where it was found that PBA was 
a weaker electrophile than MPPA. The difference in the entropies of activation is harder 
to explain. Presumably, the reason why they are large and negative is that, in order to 
make as strained a system as an epoxide, the orientation of the reactants must be highly 
specific. On the basis o f this argument alone one would expect the value for MPPA to be 
more negative than for PBA since the adjacent carboxylate group would exert some kind 
o f steric hindrance upon the precise arrangement of reactants necessary for reaction. 
Consequently, there must be some other factor involved. One possibility is that, when 
MPPA reacts with flavone, the degree of solvation around the carboxylate anion is 
inhibited. This would release water molecules which would have the effect of increasing 
the disorder, that is, it would make the entropy o f activation more positive.
As confirmatory evidence that the attack of flavone was by the peroxoacid 
anion the rate of reaction at pH 10.2 was measured for attack by 
para-chloroperoxobenzoic acid, peroxobenzoic acid and para-methoxyperoxobenzoic 
acid. The results are given in table 4.16 and are displayed on a Hammett plot in Fig. 
4.16. The Value of p is -0,46 which implies that the reaction is facilitated by electron 
donating substituents and is less sensitive to the polarity of the solvent than is the 
ionisatidn reaction. This is in agreement with the idea of a nucleophilic attack by the 
peroxoacids.
To summarize then, flavone has been shown to be attacked by peroxoacids in a 
nucleophilic manner. On the basis o f the work done by Bunton and Minkoff and the 
known hydrolysis reaction the attack is believed to occur, initially, at the carbon atom 
P to the carbonyl group. In view of the high negative values of the entropy of activation 
it is thought likely that the first product of the reaction is the epoxide, as in Bunton and 
Minkoff's work. Further oxidation and hydrolysis then occurs which yields the eventual 
complicated tarry product. There is no evidence of catalysis by metal ions as addition of 
EDTA only, results in a linear fall in the reaction rate due to the reaction of the 
peroxoacid with the EDTA. A t pH's above 11 hydrolysis and perhydrolysis occurs. The 
hydrogen peroxide has been shown to be formed from the peroxoacid in solution (by 
hydrolysis) and its anion is far more active than that of the peroxoacid. This is 
presumably due to its greater nucleophilicity and smaller size.
Considering the reactions of alizarin with the peroxoacids it was soon apparent 
that a rather different situation prevailed. Firstly, it was noticed that small additions of 
EDTA had a marked effect on the rate of reaction. In the case of MPPA, addition of a
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small amount of EDTA caused the rate to roughly halve, thereafter, further additions 
caused the rate to fall linearly until an amount of EDTA equal to half the amount of 
MPPA. had been added. A t this point the rate of reaction had fallen to zero. (Fig. 4.13) 
The reaction of PBA with alizarin (Fig. 4.12) showed an even more marked drop in rate 
with addition of a small amount of EDTA but the linear region did not start until quite 
a large amount of EDTA had been added and the rate had fallen to quite a low level 
(roughly one tenth of the initial rate). The pH versus rate constant profiles showed a 
large amount of scatter in both cases but had the basic form of a peak centred on about 
pH 8 to 9. In the reactions with MPPA there appeared to be some evidence of a 
"shoulder" on the high pH side. Arrhenius plots carried out at about pH 9 fo r the 
reaction of alizarin with PBA and with MPPA are shown in Figs. 4.14 and 4.15. EDTA 
was present in these reactions to an extent o f 1CT4 mol dnrf3. The plot for the PBA 
system has a large amount of scatter while that for the MPPA system is a good straight 
line. The activation parameters calculated from the plots are given in table 4.8. On the 
basis of the work done with MO and MR it was concluded that alizarin is attacked, 
predominantly, by a free radical mechanism in the case of PBA and to a large extent 
(-50%) in the case of MPPA. This explains why the scatter in the results is so large. 
Comparison of the activation parameters for the reactions of MPPA with flavone and 
alizarin shows that the activation energies are very similar but that the activation 
entropy is not so negative for the case with alizarin. This may indicate that the EDTA 
inhibited reaction of MPPA with alizarin is similar to the reaction o f flavone with MPPA 
with the difference in activation entropies being due to the fact that alizarin is rigidly 
constrained to be a flat molecule while flavone is not. Consequently, there is lesssteric 
hindrance for the reaction of alizarin. As for the reaction of alizarin with PBA, the 
scatter o f the Arrhenius plot and the results of EDTA additions make one believe that 
the activation parameters measured are partially due to the radical reaction.
Why flavone reacts by a nucleophilic attack of peroxoacid while alizarin seems 
to prefer a radical attack is not known, i t  may, however, be connected with the fact that 
the diradical of alizarin will be stabilized because it is aromatic. Such radicals are well 
known, and indeed, the commercial production of hydrogen peroxide relies on their 
formation (section 1.A.3).
OH OH
Alizarin Diradical
OH
As far as the products of the reaction are concerned little can be said except 
that, from the stoichiometry of the reaction, and the relatively low molecular weights of 
the compounds observed in the mass spectrum, it is apparent that considerable 
degradative oxidation has occurred. Phenols are known to be oxidized by peroxobenzoic 
acid (Becker 1976), so the number of sites of attack in the alizarin system is quite large, 
and so it is not surprising that a tar is formed.
Fig. 4<16 A  Hammett plot for the reaction of flavone with substituted peroxobenzoic 
acids
Peroxoacid pKa (Davies) pKg (Literature) log10 (Pseudo 1st Order Rate Constant x 104)
p-CI-Ph-C03H 7.60 7.60 0.678
H-Ph-C03H 7.64 7.78 0.737
p-Meo-Ph-C03H 7.94 8.07 0.844
A useful experiment for the flavone reaction system would be to try  the reaction 
at a low temperature (0°C) and attempt to isolate the epoxide. The chief problem would 
be that the rate, which is already slow, would become very slow indeed. Also, by 
working at low temperatures, it might be possible to Isolate other reaction products and 
then labelling studies might enable one to chart the whole course of the reaction.
The alizarin system is far more complicated. It would be helpful if radicals could 
be proved to be present. Thus, e.s.r. experiments, or the introduction of radical traps 
into the reactant solution would appear to be useful experiments to try.
4.12 Suggestions for further work.
CHAPTER V
T H E  R E A C T I O N S  O F  P E R O X O B E N Z O I C  A N D  
M O N O P E R O X O P H T H A L I C  A C I D  W I T H  
S A L I C  Y L A L D O X I M E  A N  D S A L I C  Y L  A L D E H Y D E
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5.1 Introduction
As was mentioned in Chapter IV several nitrogen containing compounds were 
investigated for their use as possible substrates. All those which contained nitrogen in an 
aromatic heterocyclic ring were found to be unreactive under the conditions employed, 
but salicylaldoxime, on the other hand, was found to react with the peroxoacids under 
conditions analogous to those used previously.
OH 
N
Salicylaldoxime (SAO)
The first reaction product was shown to be salicylaldehyde (section 5.2) so the 
reactions of salicylaldehyde with the peroxoacids were also studied.
Salicylaldehyde (SA)
In general the absorbance versus time plots for both the reactions o f 
salicylaldoxime (SAO) and salicylaldehyde (SA) did not obey first order kinetics but a 
Guggenheim treatment o f the first 70-80% of the absorbance change gave quite good 
straight lines. The probable reason for this is that several successive reactions were 
occurring but that the initial reaction broke up the chromophore sufficiently to remove 
most of the absorbance. A t relatively high pHs (above 12) the reactions of SAO with 
PBA gave an increase in absorbance with time but this effect was not observed to the 
same extent when MPPA was used. In this case an induction period was observed at high 
pHs and an increase in absorbance at acid pHs,
Attempts to isolate a reaction product resulted in the extraction of tars of 
moderately high molecular weight (-600) as measured by mass spectrometry.
An investigation o f the stoichiometry of the SAO reaction with PBA gave the 
surprising result that the oxidizing power of the reactant solution, as measured by 
iodometric titrimetry, decreased at a slower rate when SAO was present than when it 
was not, that is, the SAO stabilised the PBA. The significance of these results will be 
discussed in section 5.6.
5.2 The reactions o f peroxobenzoic and monoperoxophthalic acid with
salicylaldoxime at various pHs and at 35°C.
The reactions were studied under pseudo first order conditions with the SAO 
being present to an extent of -10"4 mol dm-3 and the peroxoacid to an extent of
1.5 x 1Q"2 mol dm"3. The absorbance of the solution was followed at 370 nm for 
solutions that had been buffered to the required pH.
Rate constant versus pH profiles are shown in figures 5.1 and 5.2 for the 
reactions of PBA and MPPA respectively* The pH range covered for the PBA/SAO 
reactions is from pH 4 to pH 12 with appreciable oxidation being found to occur 
between pHs 6 and 11. A t pHs greater than 12 the absorbance of the solution was found 
to increase, which may help to explain the considerable degree of scatter observed in the 
results at other pHs. The rate profile for the MPPA/SAO reactions covers the range from 
pH 7 to pH 13. Below pH 7 the absorbance of the reactant solution was found to 
increase with time, while, above pH 11, an induction period was observed.
In both cases, at about pH 10, the reactant solution rapidly became yellow and 
acquired an aldehydic odour. The smell was found to be identical to that of 
salicylaldehyde which also forms a yellow solution at about pH 10. A T.L.C. test of an 
SAO reactant solution compared with an SA solution gave several spots, one of which 
agreed with that for SA. This was considered sufficient evidence to  conclude that SA is 
one o f the reaction products from the oxidation of SAO by the peroxoacids.
. 5.1 A pH versus pseudo first order rate constant profile for the reaction of
peroxobenzoic acid with salicylaldoxime.
Table 5.1 : Data for Fig. 5.1
pH Pseudo 1st Order Rate Constant x 103 (s-1)
4.33 0.11
5.45 0.80
6.55 0.51
7.08 2.40
8.03 1.62
8.42 1.80
9.60 1.18
10.45 2.15
11.68 0.00
5.2 A pH versus pseudo first order rate constant profile for the reaction of
monoperoxophthalic acid with salicylaldoxime.
Table 5.2 : Data for Fig. 5.2
pH Pseudo 1st Order Rate Constant x 104 (s“ l )
8.5 8.76
9.2 5.87
10.7 0.97
11.7 0.85
13.0 0.51
The effect o f EDTA additions on the reactions between PBA and SAO was 
investigated at pHs 9.0-9.3 and the effect on the reactions o f MPPA with SAO was 
investigated at pHs 8.3-8.8. The results are shown in Figs. 5.3 and 5.4.
The figures show that both systems are very sensitive to the presence of EDTA 
which, in line with the other work reported here, is taken as implying a considerable 
amount of reaction by a radical mechanism.
The significance of the radical involvement will be discussed further in 
section 5.6.
5.3 The effect of additions of ethylenediaminetetraacetic acid on the reactions of
peroxobenzoic and monoperoxophthalic acid with salicylaldoxime at 35°C.
Fig. 5.3 The effect of additions of EDTA on the reactions of salicylaldoxime with
peroxobenzoic acid.
pH [EDTA] x 103 (mol dm"3) Pseudo 1st Order Rate Constant x 104 (s *j
9.2 0 39.7
9.3 0.1 13.5
9.3 > 1 6.5
9.1 5 2.5
9.0 7 0
Fig. 5.4 The effect of additions of EDTA on the reactions between
monoperoxophthalic acid and salicylaldoxime.
pH [EDTA] x 103 (mol dm"3) Pseudo 1st Order Rate Constant x 104 (s l)
8.5 0 8.76
8.5 0.1 5.04
8.25 1 2.32
8.81 5 0.1
5.4 The reactions o f peroxobenzoic and monoperoxophthalic acid with
salicylaldehyde at various pHs and at 35°C.
Since the evidence reported in section 5.2 suggested that one of the reaction 
products for the reactions of SAO with the peroxoacids was SA it was decided to 
investigate the reactions of SA with the peroxoacids.
In most cases it  was found that the absorbance of the reactant solution increased 
over a period of several minutes and then fell again. The rate of fall of the absorbance 
with time was measured, either by a Guggenheim treatment or by an initial rate 
measurement when the reaction was very slow. Although it was apparent that the 
changes in absorbance with time were not following first order kinetics it  was felt that 
this treatment o f the results was valid providing they were only used for comparative 
purposes and that no significance was placed in their actual numerical value. The values 
o f the rate constants obtained at various pHs for the reactions of SA with PBA and 
MPPA are given in tables 5.5 and 5.6. In both cases the results show a maximum in the 
rate of loss o f absorbance with time at two distinct pH regions, namely pHs 5-6 and 
pHs 11-12. Thus it was concluded that at least two mechanisms are operating in these 
systems as far as the bleaching reactions are concerned. These results will be discussed 
further in section 5.6.
[SA] = 8 x 10"s mol dm"3 [PBA] = 1.5 x 10"2 mol dm"3
Table 5.5 The variation of the pseudo first order rate constant with pH for the reaction
of saiicylaldehyde with peroxobenzoic acid at 35°C.
pH Pseudo 1st Order Rate Constant x 102 (s-1)
4.6 0.42
5.1 3.17
7.7 0.01
8.7 0.05
9.8 1.32
10.9 3.66
11.4 2.09
11.9 0.17
12.4 0.04
Table 5.6 The variation of the pseudo first order rate constant with change in pH for 
the reaction of saiicylaldehyde with monoperoxophthalic acid at 35°C.
[SA] = 8 x 10"5 mol dm"3 [MPPA] = 1.5 x 10“2 mol dm"3
pH Pseudo 1st Order Rate Constant x 102 (s"1)
2.5 0.29
4.5 0.54
5.1 4.25
6.6 4.84 x 10"4
7.4 4.90 x 10"4
8.7 9.81 x 10"1
10.4 1.32 x 10"1
11.7 4.80
12.6 1.31 x 10"1
13.0 5.00 x 10"3
As mentioned in the previous section, the bleaching of SA showed maxima 
over two distinct pH ranges so the effect of added EDTA was investigated at both these 
pH ranges for both peroxoacids. The results obtained are given in tables 5.7-5.10 and 
displayed in Figs. 5.5 to 5.8. A t acid pHs there is very little evidence of radical 
involvement, that is, the rate fell linearly with added EDTA until it reached zero, at 
which point an amount of EDTA equal to half the amount of peroxoacid present had 
been added. In view of the previous work on other substrated and the effect of added 
EDTA upon their rates of oxidation it is not surprising that no radical effect was 
observed at acid pHs. This is explained by the hypothesis that the reaction which 
generates the peroxoacid radical is base dependent
i.e RC03H + Mn+ + OH0 H20  + M(n“ 4 + + R C O /
A t the basic pH regions small additions of EDTA were found to cause a marked lowering 
in the rate o f oxidation. In line with previous work this is interpreted as being due to 
radical involvement in the oxidation mechanism.
5.5 The effect of additions of ethylenediaminetetraacetic acid on the reactions of
peroxobenzoic and monoperoxophthalic acid with salicylaldehyde at 35°C.
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Fig. 5.5 A plot showing the variation o f rate constant with additions o f EDTA for 
the reactions of salicylaldehyde with peroxobenzoic acid at 35°C and pHs 
5.1 -5.3.
Table 5.7 : Data for Fig. 5.5
pH [EDTA] x 103 {mol dm-3) Pseudo 1st Order Rate Constant x 103 (s 1)
5.11 0 31.7
5.21 1 24.2
5.20 2 16.8
5.31 5 8.9 ;
Fig. 5.6 The effect of EDTA additions upon the reactions of saiicylaldehyde with
peroxobenzoic acid at pH 10.9 and 35°C.
Table 5.8 : Data for Fig. 5,6
pH [EDTA] x 103 (mol dm"3) Pseudo 1st Order Rate Constant x 10s (s-1)
10.98 . 0 580
10.91 0.1 970
10.90 1 990
10.91 2 110
10.91 3 92
10.68 4 70
10.93 5 6
10.88 6 2
10.91 7 5
Fig. 5.7 The effect o f additions o f EDTA upon the reactions of salicylaldehyde with 
monoperoxophthalic acid at 35°C and pHs 4.5-4.6.
Table 5.9 : Data for Fig. 5.7
pH [EDTA] x 103 (mol dm"3) Pseudo 1st Order Rate Constant x 103 (s"1)
4.5 0 5.4
4.5 . 0.1 6.6
4.6 1 6.3
4.6 3 1.4 •
4.6 5 0.9
Fig. 5.8 The effect o f additions o f EDTA upon the reaction of monoperoxophthalic 
acid with salicylaldehyde at pHs 10.4 -10.5 and 35°C.
pH
Table 5.10 : Data for Fig. 5.8
pH [EDTA] x 103 (mol dm"3) Pseudo 1st Order Rate Constant x 103 (s**1)
10.41 0 2.27
10.38 0.1 2.39
10.46 1 1.22
10.54 3 0.40
10.48 5 0.16
5.6 Discussion
It Is apparent that these two substrates are not very amenable to study, however, 
there are one or two points worth mentioning. Considering, firstly, the reactions of SAO 
with peroxoacids it was found that the systems were sensitive to additions of EDTA 
with the effect being most marked for the case with PBA as usual. This suggested that 
the mechanism involved at least one radical step. This view was supported by the 
stoichiometry titration experiment referred to in section 5.1, where it was found that 
addition of SAO reduced the amount of decomposition of PBA which occurred in a 
given time. If one hypothesizes that the SAO acts as a radical trap and soaks up the 
radicals which would, otherwise, have caused decomposition of the PBA one can 
understand this effect. Just such behaviour has been observed by Cates et al (1975, 
1976) for their experiments on the bleaching of cellulose by hydrogen peroxide. As far 
as the site and mechanism of the oxidation are concerned little can be said. The 
differences in the pH versus rate constant profiles for the reactions of PBA and MPPA 
show that the mechanisms cannot be completely identical. The increase in absorbance 
which occurs at acid pHs for the MPPA reactions could be due to the carboxylic acid 
group forming on ester with the SAO. The increase in absorbance which occurs at basic 
pHs could be due to polymerization reactions of the SAO. The evidence presented in 
section 5.2 strongly suggests that at least part of the attack is upon the oxime group 
and leads to the formation of SA. On the other hand Becker (1976) has suggested that 
phenols can be oxidized by organic peroxoacids according to a mechanism as shown 
below.
H
OH
radical
oxidation
0
nucltophilic
Oxidation 0
Possibly both the oxime and the hydroxy group are attacked, however, for the moment, 
the production of the diketone in the afore mentioned mechanism is noted for its 
similarity to the reactions of alizarin with the organic peroxoacids.
The reactions of SA with the peroxoacids showed two pH regions where the 
bleaching rate was a maximum, one at about pH 5 and the other at about pH 11. The 
reaction at acid pHs was not markedly affected by the addition of small amounts of 
EDTA while that at basic pHs was. The likelihood, therefore, is that the reaction at the 
acid pHs involves attack by the unionized peroxoacid in an electrophilic mechanism. 
Since this reaction was not observed for the reactions of SAO one is forced to conclude 
that the active site is the aldehydic group, or that some other reaction of the SAO was 
masking the reaction at the hydroxy group. If one considers the reaction at basic pHs 
little can be said about which site is the reaction centre. The reason why the rate falls 
at pH 11 is likely to be due to the dissociation of the phenolic proton. The pKg of this 
proton will be greater than for that of an ordinary phenol, at approximately 10, since 
thg undissociated state is stabilized by intra molecular hydrogen bonding.
e.g. , .
This work has been nothing more than a preliminary survey but it was not felt 
that much more information could be obtained without a great deal of time and effort. 
It was felt that a better approach would be to study simpler, but related, model 
compounds. For example, the reactions of the peroxoacids with phenol and 
benzaldehyde would be worth investigating. On the other hand, the method of 
investigation used would have to be changed since the absorbance of PBA and MPPA 
would mask that of the phenol and benzaldehyde. Consequently one would be forced to 
follow the concentrations by some other means. In an attempt to get round this 
problem the reactions of ethyl alcohol and acetaldehyde with the peroxoacids were 
studied. The results of this work are the subject of the next chapter.
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6.1 Introduction
In view of the difficulties, outlined in the previous chapter, affecting the 
investigation of the reactions of salicylaldoxime and saiicylaldehyde it was decided that 
a brief study of the reactions of ethanol and acetaldehyde might be useful.
The oxidation of methanol by peroxodisulphate ions was studied by Edwards 
and a report on the mechanism can be found in Comprehensive Chemical Kinetics. The 
mechanism is outlined below and has a rate law of the form;
-d tS2 0/-] = MS20 /T /2
dt
S O 2' -» ■ 2S0 "
2 8 4
S04" + ch3oh -> -ch2oh + hso4~
*CH OH + S O *' -+ SO" + HSOr + HCHOZ Z o 4 4
2 • CH2OH -> Termination
Ball et a! (1960) studied the exidation of 2- propanol by the same reagent and found
that a similar rate law held if either oxygen or metal ions were present in the solution.
When neither of these were present the rate was first order with respect to 
peroxodisulphate concentration.
Since ethanol and acetaldehyde have low absorbances in the UV the reactions 
were followed by monitoring the absorbance change due to PBA being reduced to 
benzoic acid. For most of the experiments the ethanol or the acetaldehyde was present 
in a ten fold excess, i.e. at a concentration of 0.15 mol dm"3. Consequently pseudo first 
order conditions held to a reasonable approximation. Inspite of this, the change of 
absorbance with time did not give very good first order plots for the reactions of ethanol 
with PBA and only gave fair first order plots for the reactions of acetaldehyde. 
Acetaldehyde was one of the reaction products for the ethanol reaction as the 
distinctive smell of acetaldehyde soon made itself apparent when ethanol reacted. Since 
acetaldehyde reacted faster than alcohol this could, partly at least, explain why the 
pseudo first order plots were not so good for the ethanol reactions. Attempts to fit 
the data to a ^2 or 3/2 order rate law failed as did attempts to fit the data to a 
mechanism of the form;
ki K
EtOH + PBA -+ CH CHO + BA -> CH3CO,H + 2BA
+PBA
This failure is either because the mechanism is far more complicated than this, or 
because the PBA was undergoing decomposition Alternatively, both factors could be 
involved. .
In view of the difference in concentration involved the results show that ethanol 
and. acetaldehyde react slower than salicylaldehyde with PBA i.e. the aromatic 
compound is more reactive than the aliphatic compound.
6.2 The reactions of ethanol with peroxobenzoic acid at various pHs and at 35°C.
As was mentioned in the previous section the alcohol was present in a ten fold 
excess over the concentration of PBA, which was, itself, present at a concentration of
1.5 x 10~3 mol dm"3. Due to these relatively high concentrations of reactants the buffer 
solutions used to maintain the pH had correspondingly large concentrations e.g. one 
molar solutions were generally used.
Although the reaction kinetics were not first order it was possible to obtain 
pseudo first order rate constants by either using a Guggenheim treatment on the first 
part of the reaction or by using the initial rate. The variation in the activity with change 
in pH is given in table 6.1 below.
Table 6.1 Variation in Pseudo 1st Order Rate Constants for the Reaction of Ethanol 
with PBA at 35°C and at Various pHs.
pH Pseudo 1st Order Rate Constant (s l )
3.6 0
9.2 7.9 x 10"4
10.1 15.8 x 10"4
11.9 57.0 x 10~4
12.4 27.0 x 10-4
It would appear from these results that the maximum rate of reaction occurs at about 
pH 10-12 and that no reaction occurs in acidic media. It should be pointed out that 
nothing can be said about the reaction rate over the pH range 7-9 since the 
self-decomposition of PBA is too fast over this region. Addition of EDTA did not 
markedly affect the rate of reaction when present in small amounts, although, in view of 
Ball's work (1960), perhaps the solutions should have been de-oxygenated as well. As 
they stand the results suggest that the active species is the peroxoacid anion but this 
will be discussed later.
6.3 The reactions of acetaldehyde with peroxobenzoic acid at various pHs and at
20°C.
The reactions of acetaldehyde with PBA were studied in a similar way to those 
of ethanol. The temperature was lowered to 20°C because the relatively high volatility 
of the acetaldehyde might have caused a significant reduction in the concentration by 
evaporation. The variation of the rate constants with change in pH is shown in table 6.2. 
(overleaf).
Table 6.2 The Variation of Pseudo 1st Order Rate Constant with change in pH for
the reaction of Acetaldehyde with PBA at 20°C.
pH Pseudo 1st Order Rate Constant x 103 (s_1)
0.8 • 5.56
1.0 6.15
2.2 6.24
3.6 7.10
3.7 6.40
4.3 7.40
It was again impossible to study the reaction in the pH region around the pKg of the 
PBA due to its self-decomposition and at pHs above this value the absorbance did not 
give a stable infinity reading but began to increase again after an initial fall. In fact, at 
high pH values, e.g. 13, the absorbance did not fall initially but Increased drastically 
while the solution went yellow. This was doubtless due to the acetaldehyde 
polymerizing by means of the aldol reaction for example:—
2 CH.CHO CH -CH ~ CH-CHO + HO
D H 0 . *-+ Further Polymerization
The initial decrease in absorbance which was observed for most cases of reaction at basic 
pHs does, however, imply that some reaction is occurring over this pH range.
Small additions of EDTA again had no marked effect upon the reaction rate of 
acetaldehyde with PBA.
6.4 Discussion and suggestions for further work.
This preliminary study has shown that ethanol is oxidized at basic pHs while 
acetaldehyde Is oxidized at both acidic and basic pHs. It has also shown that the rate of 
oxidation is faster for acetaldehyde than for ethanol but that both of these reacted more 
slowly than did salicylaldehyde.
If one considers the reaction of ethanol with PBA one observes that no reaction 
occurs at acid pHs which implies that the active species is the peroxoacid anion or 
radical. One also observes that the rate has a maximum in the pH range 10-12, however, 
the pKg of PBA is lower than this and the pKa of ethanol is higher than this so there is 
no reason why a mechanism consisting of nucleophilic attack by the PBA anion should 
show a maximum rate in this pH range. Consequently, the likelihood is that a radical 
mechanism is involved which is in accordance with Ball's work. The fact that small 
additions of EDTA do not have a marked effect on the reaction rate suggests that the 
reaction is not catalyzed by the presence of metal ions, it is possible that, in this case as 
in Bail's work, dissolved oxygen may play a part.
Considering the reactions of acetaldehyde little can be said about those 
occurring at basic pHs since most of the bleaching reaction is masked by the 
polymerization referred to in the previous section. The likely mechanism of oxidation is 
a Baeyer-Villiger type of reaction.
e.g. In base
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The probable reason why salicylaldehyde reacts faster than acetaldehyde is that 
the presence of the benzene nucleus makes the aldehydic carbon atom more 
electrophilic as well as "softer", that is, more polarizable. Consequently, "super - 
nucleophiles" such as PBA are going to react more rapidly (see Chapter I).
In view of the lack of reproducibility in the results it was felt that little further 
information could be obtained from either of these systems without the devotion of a
considerable amount of study. It was also felt that the technique of spectroscopy was 
not well suited to the study of this system but that a better approach for the 
acetaldehyde system would be to follow the production of acid e.g. by using a pH stat 
to keep the pH constant as acetic acid and benzoic acid were produced, ideally, of 
course, one would wish to follow the concentrations of alcohol and/or acetaldehyde in 
isolation but attempts to do this would be extremely time consuming and 
experimentally difficult.
Extensions of the work which might be useful would be to investigate the effect 
of degassing the solutions and the effect of adding larger amounts of EDTA than were 
used in these experiments (1CT4 mol dm"3). One could also try similar experiments with 
saiicylaldehyde, phenol, and benzaldehyde to obtain a comparison of the rates for 
aliphatic and aromatic species and to try and find the active site in the reactions of 
saiicylaldehyde. The main problem in these studies would be the production of benzoic 
acid from the PBA which would make it difficult to study the concentration of one 
reactant or product in isolation. As far as the isolation of reactant products is concerned 
it would be easier if the oxidant was an inorganic rather than an organic peroxoacid. 
Thus, another possible approach would be to attempt to elucidate the reaction 
mechanisms using an inorganic peroxoacid and then to try and test to see if the organic 
peroxoacids reacted similarly. One might also investigate the degree of free radical 
involvement by incorporation of a radical trap in the reactant mixture or some other 
technique but see section 7.2).
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7.1 Peroxoacid reaction mechanisms
This chapter is intended to draw together the findings reported in this thesis, 
to comment on any general observations, to compare and contrast the behaviour of PBA 
and MPPA, and finally, to discuss the commercial applications of this work.
As far as the types of mechanism that have been investigated are concerned, we 
have found examples of both nucleophilic and electrophilic attack. In addition, the 
reactions of many of the substrates with the peroxoacids were found to be partially 
inhibited by the addition of small amounts of EDTA. This was taken as being indicative 
of the involvement of a metal ion catalyzed radical reaction which has been discussed in 
Chapter ill. In ail cases where metal ion catalysis was observed it was found that the 
maximum reactivity due to this effect occurred in the pH range 8-10. This was explained 
by postulating that the regeneration of the metal ion catalyst and the generation of an 
active peroxoacid radical were dependent upon a two step mechanism. The first step is 
dependent upon acid concentration the second upon base concentration, and, since the 
basic step is slower than the acidic step, the maximum overall rate occurs at a pH on 
the basic side of neutrality.
in general it was found that reactions using PBA were more sensitive to EDTA 
inhibition than were those which used MPPA. In addition it was found that MPPA 
decomposed and hydrolysed some hundred times faster than PBA. These facts were 
explained by postulating involvement of the ortho carboxylic acid group present in 
MPPA. Thus, for the metal ion catalyzed reactions, either the mono - or dianionic form 
of MPPA will be present and any metal ion approaching the peroxidic group has a 
chance of being chelated by the carboxylate ion. The greater rate of hydrolysis is 
explained by some mechanism such as the one below.
0
The substrates studied, their type of oxidation by the peroxoacids, the pH of 
maximum reactivity and their pseudo first order rate constants are presented in table 
7.1. It will be seen that MO, MR sorbic acid, ethanol and saiicylaldehyde are bleached 
significantly at pHs below the pKa of the peroxoacids, i.e. the peroxoacids are attacking 
the substrates by an electrophilic mechanism. The other substrates were attacked by a 
nucleophilic or metal ion catalyzed radical mechanism or both with only flavone 
showing no trace of an EDTA inhibited mechanism. For the latter group of substrates 
the activity of MPPA was less than that of PBA. This was explained as being due to three 
factors. Firstly, the adjacent carboxylate group will cause steric hindrance whether the 
attack is by a radical or nucleophilic mechanism. Secondly, for the reasons already 
explained, MPPA is not so likely to Undergo a radical reaction. Thirdly, again because of 
the carboxylate group, MPPA is a weaker nucleophile, but stronger electrophile than is 
PBA, which fact is reflected by the activation parameters measured for the MO, MR and 
flavone systems (Chapters III and IV).
There are many references in the literature to peroxo - radicals being the active 
species in various reactions and the use of metal ions to act as one electron transfer 
agents to generate these radicals is also well documented, particularly interesting 
examples being the work by Pandell (1976) and Edwards (1963). Other references are 
numbers; 8, 13, 32, 48, 86, 104, 122, 128, 135, 168, 169, 174.
A more detailed discussion of these factors was presented in Chapter III.
Table 7.1
Substrate
Type of reaction * pH 
Region of 
maximum 
rate
Maximum  
Pseudo 1st Order 
Rate Constant 
(Peracid) = 1.5 x 10'2 M
Half life 
(s)Electrophilic Nucleophilic
EDTA * 
Inhibited
p -V B A  _
X T *
HOjC
4 - 7
Not 
Measured 
at room tem p,
-
X
Sorbic Acid ' ( ^ O H  
0
> / 4 - 7 . - 5 x 1 0 ' W 1,400
MO
/ ■ / © )
. • For PBA 
7 - 4  1 4 .5 x 10"J s~l 
For MPPA 
3 - 7  | -5  x tO '1 s'* .
,14
14
MR
* ‘ > n h ^ n = n - / o )
cojV
/ y Q
For PBA 
7 - 2  | 4.1 x 10*J s '1 
For MPPA 
5.7 - 7.0 | -5 .3  x 10 '1 s '1
17
Flavone foX j )
0  1 0 )
/
For PBA
8 .5 -1 1 .0  | -4  x 10~4 s '1
For MPPA
8 .5 -1 1 .0  | -3 .4  x 10’ 4 s '1
1,700
2'000
Alizarin f If JT-T >/ . V :
- .. For PBA 
8 - 9  | -2  x 10"2 s'1 
For MPPA 
8 - 9  . | -8  x 10~3 s '1
35
87
s a o  for
k - t a C = N ,0 H y y
For PBA 
8 - 9  | ■ - 2 x 1 0 ' V ‘ 
I  For MPPA . ’ 
. 8 - 9  | ! ' -9  x 10 '4 s '1
350
770
i^yOH
Salicylaldehyde I 01^^CHO / V y 1 0 -1 1
1 1 -1 2
For PBA
3.6 x 10 '5 s '1 
For MPPA
-5  x 1 0 °  s‘ ‘
19
140
Ethanol CHjCHjOH
(PBA only)
y 1 0 -1 1 -5  x 1 0 's s"1 14,000
Acetaldehyde CH3CHO
(PBA
y
only)
y
1 - 4 - 7 x 10-5 s '1 
at 20°C
9,900
All reactions bar those with acetaldehyde studied at 35°C
As explained in Chapter I Interox forsees a need for a low temperature bleach. 
Their preliminary experiments on the bleaching of natural stains such as tea, coffee, 
grass, red wine and gravy showed that the activity of the peroxoacids was sufficient to 
make them suitable candidates as far as bleaching efficiency was concerned. In general, 
the efficiencies of PBA and MPPA were found to be similar, but for the experiments 
with coffee that of PBA was greater. They also found that the peroxoacids showed their 
greatest activity at about pH 8, that is, around the peroxoacid pKa Interox interpreted 
this as implying that the intermediate formed in the self-decomposition of peroxoacids, 
which occurs by attack of the anion upon the parent acid, was the active species and, for 
experiments with a dye stuff known as Polar Brilliant Blue they were able to fit the data 
to a rate law of the form:
-d (Abs) = k [Dye] [Peroxoacid]2 
dt I + kj [Dye]
In accordance with this they suggested the mechanism,
k.PA + PA -*■ I
KD + I -* Products
k3I Products ,
where PA represents peroxoacid, D represents dye and I represents some intermediate.
The rate law obtained from this mechanism is,
kIk2
-d [D] ~  [PA]2 [D]
=  3
dt k2
i + r  [D]
3
The basic chromophore in Polar Brilliant Blue is anthroquinoid in nature as is 
that in alizarin. Alizarin also showed a peak in reactivity at about pH 8 but we have 
interpreted this as being due to the metal ion catalyzed radical, reaction since the 
reactivity was markedly affected by small additions of EDTA. Unfortunately Interox 
did not investigate the effect of small additions of EDTA and, in view of the obviously 
complex reaction of the peroxoacids with alizarin, we did not investigate the effect of 
varying the peroxoacid concentration. There is thus scope for more work on both 
systems. Interox did however investigate the involvement of radicals in their reactions. 
They used three effects as their criteria of a radical reaction:—
(i) inhibition of bleaching by inclusion of a nitrone spin trap,
(ii) inhibition of peroxoacid based nitroxide radical production by inclusion of
substrate,
7.2 Interox's Experiments
The oxidation of Polar Brilliant Blue satisfied all these criteria which means the reaction 
is radical in nature, which is the same conclusion we would have expected from our 
work at Surrey with alizarin bearing in mind the structural similarity between Polar 
Brilliant Blue and alizarin. When Interox investigated the bleaching reactions of the 
natural stains they found little evidence of radical participation. Thus it would appear 
that most natural stains are bleached by a non-radical mechanism. Interox also 
investigated the amount of dye damage caused to various commercial dyes by PBA, 
MPPA and peroxoacetic acid. They found that far more damage, i.e. bleaching, was 
caused by PBA and that the amount of damage was markedly reduced by addition of a 
small amount of EDTA. This supports the view that commercial dyes tend to be 
bleached by a radical mechanism, catalyzed by transition metal ions.
7.3 Practical Bleaching
In the experiments reported in this thesis it was found that peroxoacids reacted 
by a wide range of mechanisms. MPPA was found to be a stronger electrophile than 
PBA {MO and MR work) but the enhancement this gave to the MPPA reaction rate was 
largely offset by the steric hindrance due to the neighbouring carboxylic acid group. 
Conversely, PBA was found to be a stronger nucleophile than MPPA (flavone work) 
and also to have a greater susceptibility to inhibition by small additions of EDTA 
(alizarin work). These factors have all been discussed previously. On the basis of these 
findings it would appear as if the greatest bleaching activity would be obtained by using 
PBA and varying the pH over a range from 4 to 11. Bearing in mind the fact that the 
PBA decomposes rapidly at its pKa (pH 7.8) it would probably be better if half the total 
amount of PBA were added and the pH increased from 4 to 8, then alkali added to 
increase the pH then PBA and acid added to bring the pH down from 11 to 8. Such a 
procedure is, of course, impractical for a commercial process. Washing powders generally 
work in the pH range 9-11 since their detergency falls rapidly at pHs below this range 
and higher pHs would cause damage to skin and fabric. In this pH range most of the 
peroxoacid will be present as the anion so that the likelihood of an electrophilic 
mechanism occurring is very small. On these grounds one would again suggest that PBA 
be used as the bleach and, in a process where total whiteness is the only consideration 
and dye and fabric damage do not matter, e.g. bleaching of paper pulp, this would be 
acceptable. In terms of the household wash, however, dye and fabric damage do matter 
and the Interox trials have shown that PBA does cause dye and fabric damage but that 
this is markedly reduced by the presence of EDTA in small quantities. In view of this 
work we suggest that dye and fabric damage are caused by a radical, metal ion catalyzed, 
reaction, whereas useful stain bleaching occurs predominantly by a nucleophilic 
mechanism. Thus the answer to the problem would be to use PBA in the presence of
(iii) formation of new spin adducts from radicals produced in the dye/peroxoacid
reaction.
EDTA or to use MPPA instead. If one were to use MPPA it would have to be noted that 
MPPA decomposes and hydrolyses some hundred times faster than PBA and 
consequently the amount of MPPA needed would be greater.
From the work reported in this thesis and the experiments carried out by 
Interox it would seem that the useful bleaching action of peroxoacids is due to the 
anion acting as a nucleophile. The work with flavone, however, showed that the 
hydrogen peroxide anion was, as would be expected, a better nucleophile than the 
peroxoacid anion, yet the peroxoacids,are far better low temperature bleaches at the 
working pHs of washing powder. There are two explanations for this. Firstly, the pKg of 
hydrogen peroxide is about pH 11 so that little of the hydrogen peroxide will be ionized 
in the pH range used by washing powders (9-11). On the other hand the pKg of 
peroxoacids is about pH 8 so virtually all the peroxoacid will be present as the anion. 
Secondly, consider the attack of a (3 - unsaturated ketone by ROO0 . The mechanism 
(Chapter IV) can be written as;
R'
Now, if ROO is a good nucleophile k will be large but the rate determining step is
©that with rate constant k.. In the case of hydrogen peroxide OR can be identified with
© ©OH which is a poor leaving group, whereas in the case of peroxoacids OR represents a
carboxylic acid anion, that is a very good leaving group, consequently k2 will be greater
for peroxoacids than for hydrogen peroxide. Since the^ DR species is likely to be formed
in all nucleophilic type oxidations peroxoacids might well be expected to be more active
than hydrogen peroxide.
The results of this work have also made one realise that neither PBA nor MPPA 
are ideal bleaches and that, although commercial reasons may prevent its use, it should 
be possible to design a molecule, on the basis of the hypotheses outlined in this thesis, 
to give an optimum bleaching performance and this is the subject of the last section.
7.4 A Better Bleach?
A summary of the requirements thought to be necessary for a successful 
peroxoacid bleach in a household wash is presented below.
(i) The bleach must be readily water soluble. Not only because most of the 
bleaching occurs in solution but also because insolubility would cause high local 
concentrations which would result in fibre damage.
(ii) The bleach must be a good nucleophile.
(iii) The bleach should not form radicals readily, or their formation by metal ion 
catalysis should be inhibited by the proximity of an intra molecular chelating 
centre as in MPPA.
(iv) The bleach should be an organic peroxoacid.
(v) The bleach must not decompose readily.
Point (i) suggests the use of a carboxylic or sulphonic acid but point (ii) means 
that the peroxoacid group must be isolated from them. Point (iii) however suggests that 
a carboxylic acid group should be fairly close to the peroxoacid group while point (v) 
suggests that no electron donating group should be too close as it might participate in an 
intra - molecular reaction such as that postulated for MPPA (Chapter III).
A molecule which fits these criteria could be one such as;
This molecule has two possible disadvantages. Firstly, the steric hindrance caused by the 
-CH2-C02H group may be too large for reaction to occur at a suitable rate. Secondly, 
although a bit further removed than in MPPA, the carboxylic acid group may still cause 
rapid intra - molecular decomposition. The molecule has one possible advantage and that 
is that the detergent like structure of the molecule may result in it acting as both a 
detergent and a bleach. That is, micelles formed of such molecules could hold a stain in 
position to be attacked by the peroxoacid group as shown below.
nh2 ch2— co2h
APPENDIX I
E X P E R I M E N T A L  D E T A I L S
Apparatus:
Reactions were followed spectrophotometrically by using a Unicam SP 1800 UV 
spectrophotometer with the sample cell being thermostatically controlled by means of 
water pumped around the cell holder from an external water bath. Most of the 
experiments were carried out at 35°C as this seemed a reasonable operating temperature 
for a low temperature bleach. The pHs of the solutions were measured by using a 
Corning pH meter (model 113).
Materials:
All the chemicals used were purchased AnalaR grade where possible from B.D.H. 
with the exceptions of p-vinylbenzoic acid, flavone and the peroxoacids themselves, 
p-vinylbenzoic acid was made from j3-phenylethyibromide according to a synthesis 
devised by Jager and Waight (1963). The /3-phenylethylbromide was purchased from
B.D.H. The flavone was purchased from Sigma - London. The peroxoacids were supplied 
by Interox and were used as supplied with the only significant impurity being the parent 
acid. The PBA was supplied about 95% pure while the MPPA was about 70% pure. Due 
allowance was made for these facts when evaluating the rate constants.
In view of the effect of transition metal ions their concentration was kept as 
small as possible by using distilled, de-ionized water to make up all solutions.
The buffers used were; sodium acetate/acetic acid, monosodiumdihydrogen 
phosphate/disodiummonohydrogen phosphate, borax/nitric acid, borax/sodium 
hydroxide. For pHs outside the range covered by these buffering media either nitric 
acid or sodium hydroxide were used to attain the required pH.
Technique:
Solutions of the peroxoacids were made up to be 1.5 x 1CT2 molar assuming the 
peroxoacids were 100% pure. Aqueous solutions of the substrate were made up to 
concentrations dependent upon the substrate solubility. For example, the methyl orange 
was made up to a solution of concentration 10 3 mol dm'3, whereas alizarin could only 
be made up to a concentration of about 1(T5 mol dm-3. Thus, for MO the technique was 
to add 25jul of the MO solution to 2.5 cm3 of the buffered and temperature controlled 
peroxoacid solution in the UV curette. For alizarin the technique was to mix 1.5 ml of 
the buffered and thermally equilibrated alizarin solution with 1.5 ml of the buffered and 
temperature controlled peroxoacid solution. In general the requirements to be met were; 
that the peroxoacid should be present in a large excess over the concentration of 
substrate in order to obtain pseudo first order conditions, that the solution should be 
adequately buffered, that the absorbance of the substrate should be considerably greater
than that of the peroxoacid at the observed wavelength. The concentrations were varied 
in order to achieve these ends. The absorbance was monitored at a chosen wavelength
and the fall of absorbance with time was fitted to pseudo first order kinetics.
The only exceptions to this practice were the experiments With alcohol and 
acetaldehyde where the absorbance of the peroxoacids was monitored and the substrates 
were present in 10 fold excess.
When working at pHs close to the pKg of the peroxoacids care had to be taken 
that excessive decomposition did not occur. Ways around this problem were to 
introduce the peroxoacid to the buffered solution of substrate just before starting to 
monitor the reaction, to only monitor the first part of the reaction, and to use a
Guggenheim treatment to obtain the rate constant.
Table I(i) : Conditions of observation of substrates
Substrate pH range studied Wavelength monitored (nm)
Substrate
Concentration
p-vinylbenzoic acid cnCO 295 + 10“4 mol dm-3
sorbic acid 3-9 257 * 10~4 mol dm-3
methyl orange 1-12 461 2 x 10~6 mol dm-3
methyl red 1-6 526 3 x 10-6 mol dm-3 /
6-12 440
flavone 1-12 320 10~6 mol dm'3
alizarin 1 -9 480 ~10"s mol dm”3
9-13 500
saiicyialdoxime 1-13 370 “10-4 mol dm-3
saiicylaldehyde 1 -13 370 ~ 10“4 mol dm-3
ethanol 1-13 300* 10 1 mol dm-3
acetaldehyde 1-13 300* 10"1 mol dm'3
* In these cases the [PBA] was low to prevent masking of the substrate absorbance.
* In these cases it was the change ih absorbance of the PBA which was followed.
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Postscript
and, fortunately, sometimes it isn't!
